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ABSTRACT 
Vision requires the photoreceptors in the eye to rapidly respond to changes in 
light intensity.  These processes are accomplished within rod photoreceptors by the visual 
pigment rhodopsin that initiates a downstream signaling cascade called 
phototransduction. Rhodopsin is composed of an apoprotein opsin that is covalently 
bonded with light sensitive 11-cis retinal. Rhodopsin is activated when 11-cis retinal is 
photoisomerized into all-trans retinal. This isomerization initiates the phototransduction 
cascade that culminates in a change in current at the plasma membrane. Rhodopsin, once 
activated ("bleached"), can no longer absorb photons to activate phototransduction, and 
must be regenerated through the visual cycle. 
 To enable the photoreceptors to respond to rapid changes in light intensities, 
phototransduction must terminate in a timely manner. Deactivation involves 
phosphorylation of activated rhodopsin by rhodopsin kinase, and then binding of visual 
arrestin. Exposing rods to daylight bleaches a large proportion of rhodopsin molecules. 
This exposure leads to desensitization of the photoreceptors and phosphorylation of 
bleached rhodopsin. Full recovery of receptor sensitivity is achieved when rhodopsin is 
	  	  
	   x 
recycled and regenerated through a series of steps to its ground state. The last step in this 
process is the dephosphorylation of rhodopsin. This dissertation focuses on how 
rhodopsin dephosphorylation affects rod sensitivity. 
I exploited a novel observation; mouse retinae when isolated from the retinal 
pigment epithelium (and eye cup), display blunted rhodopsin dephosphorylation.  
Isoelectric focusing followed by Western blot analysis of retinal homogenate from 
bleached isolated retinae showed little dephosphorylation of rhodopsin for up to four 
hours in darkness, even under conditions when rhodopsin was completely regenerated. 
Microspectrophotometric measurements of rhodopsin spectra show that regenerated 
phospho-rhodopsin has the same molecular photosensitivity as unphosphorylated 
rhodopsin and that flash responses measured by trans-retinal electroretinogram or single 
cell suction electrode recording displayed dark-adapted kinetics.  Single quantal 
responses displayed normal dark-adapted kinetics, but rods were only half as sensitive as 
those containing exclusively unphosphorylated rhodopsin. I propose a revised model in 
which light-exposed retinae contain a mixed population of phosphorylated and 
unphosphorylated rhodopsin. Moreover, complete dark-adaptation can only occur when 
all rhodopsin has been dephosphorylated, a process that requires more than three hours in 
complete darkness.  
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CHAPTER ONE: INTRODUCTION 
 
All vision begins with a single event, the detection of a photon. In our eyes, 
photon detection occurs within rod and cone photoreceptors in the retina by a process that 
activates the visual pigment rhodopsin in rods and iodopsin in cones. This process, 
photoactivation, produces a cascade of cellular events known as phototransduction. 
Collectively, photoactivation and phototransduction allow visual information transmitted 
by light to be converted into electro-chemical signals that are interpreted by the retina and 
the brain. 
Anatomy of the Retina 
The retina is a layer of tissue that resides in the distal area of the eye (see Figure 
1.1). Within the plane of this tissue, optical images are brought to focus. Photons from 
these images are collected by photoreceptors and retinal neurons convey this visual 
information to the brain. Visual information is relayed through three stratified layers of 
highly segregated and highly specialized retinal neurons, as illustrated in Figure 1.1 and 
Figure 1.2. At the most distal layer of the retina are the rod and cone photoreceptors. 
Humans possess a single class of rod photoreceptor, and three different subtypes of cone 
photoreceptors. Within these photoreceptor cells, light is absorbed by the visual pigment 
rhodopsin and converted into an electrochemical signal through the phototransduction 
cascade. Rod photoreceptors are highly sensitive and dynamic detectors that react with a 
graded response to light; an individual rod photoreceptor is sensitive to a wide range of  
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Figure 1.1: Anatomy of the mammalian eye. The cornea and the lens focus visual 
images onto the retina, which is located at back of the eye. In the retina, light is detected 
using photoreceptors located in the most distal portion of the eye. Visual signals are 
transmitted to the inner retinal neurons, then transmitted to the brain via the optic nerve. 
Abbreviations: nerver fiber layer (NFL), ganglion cell layer (GCL), inner plexiform layer 
(IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), 
external limiting membrane (ELM), rod and cone inner and outer segment (IS/OS), 
retinal pigment epithelium (RPE), and Bruch membrane (BM) This illustration has been 
reproduced with permission from David J. Browning, MD, PhD (Browning), and the 
Springer Publishing Company. 
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light intensities, from a single photon to several thousand photons per second. Cones 
behave in a similar fashion, but operate at brighter light intensities. The signals created by 
photoreceptor cells are relayed synaptically, to inner retinal neurons.  
The inner neurons in the retina are designed to process the visual information 
before it is communicated to the brain. In general, inner neurons collectively parse 
neurosynaptic signals that are generated by the photoreceptors (Masland, 2001a, b; 
Sampath and Rieke, 2004). Horizontal cells within the inner retina affect visual 
perception by detecting contrast. Specifically, horizontal cells receive synaptic input from 
multiple photoreceptors, and suppress the synaptic output of individual photoreceptors 
through a feedback mechanism that effectively subtracts the mean response from 
neighboring photoreceptor cells. Horizontal cell inhibition takes place at the bipolar cell 
synaptic junction. Retinal bipolar cells also collect signals from the photoreceptors. There 
is a single type of rod bipolar cell, while there are several subclasses of cone bipolar cells, 
each with their own function in how they process the visual data. Next, the inner retina 
contains amacrine cells. Amacrine cells function at the cone bipolar to ganglion junction. 
In rod mediated visual processes, AII amacrine cells bridge rod bipolar cells to ganglion 
cells, allowing rod bipolar cells to use the cone visual pathways since no direct 
connection between rod bipolar and ganglion cells exists. Collectively, cone bipolar and 
amacrine cells parse visual information into a series of events. When these events occur 
within predefined conditions, they trigger the excitation of retinal ganglion cells. The 
specific conditions required to trigger a response are in part reflected in the morphology  
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Figure 1.2: Diversity of the retinal stratification and morphology. From top panel to 
bottom panel, the retina contains photoreceptors, horizontal cells, bipolar cells, amacrine 
cells, and ganglion cells.  The different morphologies within each subset of cells reflect 
the diversity of their specific functions. This illustration is based on work performed 
primarily on rabbit retina. Reproduced with permission from Richard H. Masland 
(Masland, 2001a, b). 
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Visual Pigment: Rhodopsin 
 
Figure 1.3: Rod and cone photoreceptor morphology. On the left is an illustration of a 
rod and a cone photoreceptor. Both of these cells contain synaptic terminals, inner 
segments, and outer segments. The synaptic terminal contains the cellular machinery that 
relays visual information to bipolar cells. The inner segment is the metabolic energy 
production center for the entire cell and the outer segments contain the visual pigment 
rhodopsin. In rod photoreceptors, rhodopsin is bound to membranous lipid disks. Rods 
contain numerous disks in their outer segment. In cone photoreceptors, the visual pigment 
iodopsin is bound to the plasma membrane. The plasma membrane in cones is 
invaginated numerous times to create membranous sacs that increase the likeliness of 
photon absorption. The visual pigment is composed of 7 trans-membrane helices, with a 
light sensitive visual chromophore, 11-cis retinal. This figure modified from a figure 
designed by Karen Moore. Figure is a reproduction from Maureen Estevez Stabio’s Ph.D. 
dissertation (Estevez, 2007). 
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of each subclass of ganglion cell, and the subsequent excitation sends a specific set of  
visual information to the brain.  
The protagonist of this dissertation is the visual pigment rhodopsin. It is the 
singular protein that renders photoreceptors susceptible to excitation by light. Rhodopsin 
is a classic and prototypical G-Protein coupled receptor (GPCR); it is composed of a 
membrane bound protein, opsin, which is bound through a Schiff base linkage to a light-
sensitive chromophore, 11-cis retinal. Rhodopsin is found in high concentrations in 
membrane disks located in the outer segment at 3.5 mM concentration (Harosi, 1975). In 
the case of cones, iodopsin is embedded in the plasma membrane. Hereafter, the attention 
of this dissertation will be focused entirely on rods and rhodopsin, rather than cones. 
Structurally, rhodopsin is comprised of 7 transmembrane helical domains. A 
lysine residue (Lys296), located on the seventh transmembrane helix provides a substrate 
for the Schiff base linkage with the chromophore, while a glutamate (Glu113) on helix 3 
acts as a stabilizing counter-ion (Sakmar et al., 1989; Zhukovsky and Oprian, 1989; 
Nathans, 1990a, b). In darkness, when bound with 11-cis retinal (the ground state), the 
Schiff base is protonated (Oseroff and Callender, 1974). In this configuration, the visual 
pigment is very stable (Ebrey and Koutalos, 2001; Ala-Laurila et al., 2004; Ala-Laurila et 
al., 2007). 
The typical absorbance spectrum of rhodopsin is shown in Figure 1.4. Most 
commonly, the absorbance for rhodopsin is maximal around 500 nm light (Govardovskii 
et al., 2000), but has the ability to capture photons at other wavelengths, albeit at a lower 
probability (Cornwall et al., 1984). This absorbance spectrum only holds true while opsin 
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is covalently bound with 11-cis retinal. Site-specific mutagenesis studies have conversely 
shown that specific residues on helices 3, 4, and 5 affect rhodopsin’s spectrum (Baldwin, 
1993; Tang et al., 1995; Rao and Oprian, 1996; Sakmar, 1998). 
Activation of rhodopsin (R*) occurs when 11-cis retinal absorbs a photon. As a 
result, the chromophore undergoes a cis to trans photoisomerization resulting in 
deprotonation (Doukas et al., 1978) and breakup of the anionic counterion-cationic Schiff 
base (Cohen et al., 1992; Robinson et al., 1992). In addition the counterion Glu113 
becomes protonated, resulting in additional conformation changes within rhodopsin 
(Jager et al., 1994). These events lead to an activating conformational change within 
rhodopsin, which initiates a sequence of events that are collectively known as 
phototransduction.  
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Figure 1.4: Spectral properties of rhodopsin. Rhodopsin has a spectral absorbance to 
light that typically peaks around 500 nm. The normalized spectrum has been plotted 
using a template for rhodopsin (Govardovskii et al., 2000). 
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Phototransduction 
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Figure 1.5: A schematic of phototransduction, separated into excitation (or 
activation) and recovery phases. (Excitation Phase): Rhodopsin becomes activated 
following photon absorption, and initiates phototransduction. Activated rhodopsin (Rh*) 
interacts with the G-protein transducin (Tαβγ), and catalyzes a GDP to GTP exchange on 
the Tα subunit. Afterwards Rh* dissociates from transducin, and Tα-GTP dissociates from 
Tβγ. Tα-GTP then interacts with phosphodiesterase (PDEαβγ), and binds to PDEγ to expose 
the catalytic subunit PDEαβ. PDEαβ converts intracellular cGMP to GMP. The decrease in 
cGMP causes cyclic-nucleotide-gated (CNG) channels to close. Channel closure prevents 
cations from entering the outer segment, and the closure of these channels also 
hyperpolarizes the cell. (Recovery Phase): First, rhodopsin needs to deactivate in a two-
step process before the physiological response can be terminated. To do this, Rh* is 
phosphorylated by rhodopsin kinase (Grk1). In humans (and in mice), rhodopsin can be 
phosphorylated up to 6 times. Next, visual arrestin (Arr1) binds phosphorylated 
rhodopsin, and quenches all of rhodopsin’s activity. Likewise, transducin and PDE are 
deactivated in the recovery phase, in a simultaneous process. These two proteins combine 
with a GTPase accelerating protein (GAP) complex, which hydrolyzes Tα-GTP to Tα-
GDP. Afterwards, Tα-GDP dissociates from PDEγ, and Tα-GDP can either recombine 
with a free Tβγ or it becomes solubilized in the cytoplasm (not illustrated). The recovery 
phase also requires that the CNG channels reopen. The excitation phase causes 
intracellular free calcium concentrations to drop, and this induces a calcium feedback 
mechanism. Calcium feedback causes guanylate cyclase (GC) activity to rapidly increase. 
Guanylate cyclase then enzymatically converts GTP to cGMP, which results in the 
reopening of CNG channels. 
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The series of reactions involved in phototransduction are illustrated in Figure 1.5. 
Phototransduction begins when a photon activates rhodopsin (Rh*). Immediately 
afterwards, Rh* activates the G-protein, transducin (T). Special structural features of 
transducin mitigate this interaction. Like most other G-proteins, transducin exists as a 
heterotrimeric complex, with an α, β, and γ subunit (Fung et al., 1981). In its inactivated 
state, the α-subunit is bound with GDP. The α subunit is acylated at its N-terminus, and 
the γ-subunit is farnesylated at the C-terminal end (Fukada et al., 1990; Kokame et al., 
1992; Neubert et al., 1992). These lipid modifications anchor transducin to the membrane 
disks. Activation of transducin by Rh* catalyzes a GDP to GTP exchange on the 
Tα subunit. Immediately following this exchange, Tα-GTP disassociates from Tβγ and Rh* 
dissociates from both, allowing the same Rh* to activate additional transducin molecules. 
This constitutes the first step of signal amplification in the phototransduction cascade. 
 Transducin exists at a 1:10 ratio to rhodopsin (Lerea et al., 1986; Lee et al., 1992; 
Peng et al., 1992). Estimates for the number of Tα-GTP produced by a single R* are the 
subject of speculation, and the number produced is dependent on temperature.  One 
review reports a range from 10 to 3000 Tα-GTP s-1 at room temperature (Pugh and Lamb, 
1993). This rate has been revised in recent years to ~120 Tα-GTP s-1, which is more 
consistent with light scattering, biochemical, and electrophysiological experiments 
(Leskov et al., 2000; Heck and Hofmann, 2001). The number of Tα units activated is 
dependent on the lifetime of Rh*. For mouse rods, there are two reported estimates for 
the lifetime of Rh*. In one estimate, the lifetime of Rh* is reported as 80 ms, resulting in 
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~20 Tα-GTP per Rh* (Krispel et al., 2006). In an alternative estimate, Rh* is believed to 
lasts for ~100 ms leading to several hundred Tα-GTP (Makino et al., 2003). 
Once active, Tα-GTP directly facilitates the next step of phototransduction: the 
excitation of membrane bound cGMP phosphodiesterase (PDE) (Fung et al., 1981; Stryer 
et al., 1983; Li et al., 1990; Catty et al., 1992; Qin et al., 1992). Tα exposes one of the two 
PDE regulatory subunits, PDEγ, exposing cGMP catalytic sites, PDEα or PDEβ (Baehr et 
al., 1979; Hurley and Stryer, 1982). Tα -GTP binds to approximately one subunit during 
its entire lifetime. Additionally, Tα -GTP forms a complex with γ-PDE and RGS9 (Tsang 
et al., 1998), which greatly accelerates the hydrolysis of Tα -GTP to Tα -GDP. Therefore, 
this step does not produce signal amplification/gain within the phototransduction cascade. 
The second step of amplification is produced from the conversion of cGMP to GMP by 
active PDE (PDE* or PDEαβ). 
In photoreceptors, cGMP is the gating ligand for cyclic-nucleotide-gated 
nonspecific Na+/Ca2+ cation channels (CNG channel) that are located on the plasma 
membrane of the outer segment (Kaupp and Seifert, 2002). In dark adapted rods the 
intracellular cGMP concentration is from 30-60 μM in amphibian rods, but only about 6 
μM of cGMP is free (Nakatani and Yau, 1988). Under these conditions in darkness, ~1% 
of the CNG channels are in the open state (Nakatani and Yau, 1988; Chen et al., 1993; 
Yau, 1994). These channels are very sensitive to small changes in cGMP concentration 
due to PDE* (Yau, 1994), and this sensitivity allows photoreceptors to have a graded 
range of response that spans over a broad range of light intensities. A single PDE* is 
extremely efficient in the hydrolysis of cGMP, with a Km of ~10 μM, and a Kcat of 2,200 
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s-1 (Wilden et al., 1986; Leskov et al., 2000). At this rate of hydrolysis the conversion of 
cGMP to 5’-GMP is limited by the aqueous diffusion of cGMP. This may seem trivial, 
however the cell must overcome cGMP depletion in the recovery phase of 
phototransduction. Closing of these channels results in the hyperpolarization of the cell, 
and subsequently changes the amount of glutamate (a neurotransmitter) that is secreted at 
the synaptic terminal. 
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Cationic Currents and Calcium Feedback 
 
Figure 1.6: Cationic currents with the rod photoreceptor in light and dark 
conditions. The outer segment contains CNG channels that allow ionic sodium and 
calcium to flow into the cell. Concurrently, calcium is extruded from the outer segment in 
a sodium exchanger. K+ exits the cell in the inner segment through potassium channels. In 
darkness, this circulation of inward Na+ and outward K+ is described as a dark current. 
Phototransduction, brought on by light activation of rhodopsin, results in the closure of 
the CNG channels. The cell then hyperpolarizes, and the concentration of intracellular 
free calcium decreases, inducing calcium feedback mechanisms. 
	  	  
15 
 
In dark-adapted rods, there is a cation influx from Na+ through the CNG channels 
and cation efflux of K+ through potassium channels in the inner segment that is referred 
to as the dark current. A diagram of this current is presented in Figure 1.6.  Ionic sodium 
makes up about 90% of the ionic current, whereas Ca2+ makes up the other 10%. Calcium 
is extruded in the outer segment through a sodium exchanger. Within the inner segment, 
K+ is extruded using potassium channel. This current is said to be in a steady state in 
darkness.  
A change to this steady-state current due to light exposure (i.e. phototransduction) 
is referred to as a photocurrent. Bright light exposure closes all of the channels, as shown 
on the right side of Figure 1.6. The opening and closing of these cGMP gated channels 
affects the membrane conductance, which is significant when modeling the Nernst/GHK 
resting membrane potential. In darkness, photoreceptors are partially depolarized. 
Closing of these channels repolarizes (or hyperpolarizes) the photoreceptor. These 
changes in membrane potential modulate the glutamic acid release at the rod to rod 
bipolar synapse. 
The CNG channel closure also reduces the intracellular concentration of free Ca2+. 
Within the photoreceptor, this decrease in free Ca2+ induces a calcium feedback 
mechanism that controls the recovery (or deactivation) phase of phototransduction. In 
salamander rods, the dark-adapted concentration of intracellular calcium is 500-700 nM, 
whereas following a bright light stimulus, the concentration drops to 30-50 nM (Gray-
Keller and Detwiler, 1994; Sampath et al., 1998; Mendez et al., 2001). The most notable 
of these calcium regulated changes occur in guanylate-cyclase-activating proteins, or 
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GCAPs (Howes et al., 2002; Makino et al., 2008). When intracellular calcium is lowered 
through the closure of cGMP-gates channels, then GCAPs stimulates guanylate cyclase 
(GC), which (as discussed in detail below) promotes the recovery phase of 
phototransduction.  Cyclase converts GTP to cGMP, which allows the CNG channels to 
reopen. Next, calcium affects recoverin (Rec), a protein that has an inhibitory affect on 
rhodopsin kinase, and therefore regulates the deactivation of Rh*. This has a small affect 
on light adaptation. Finally, calcium feedback also increases the sensitivity of CNG 
channels for cGMP, by releasing calmodulin that is normally bound to the CNG channel 
in the presence of free Ca2+ (Hsu and Molday, 1993). This later feedback mechanism also 
has a small effect on the recovery phase of phototransduction. 
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Figure 1.7: A schematic of calcium feedback within rod photoreceptors.  Light 
activation of rhodopsin results in the closure of CNG channels (Chclose). As a direct result 
the intracellular concentration of free calcium drops. Calcium is involved in the 
regulation of calmodulin (CAM) binding to CNG channels, guanylate cyclase activating 
proteins (GCAPS), and recoverin. When intracellular calcium drops, calmodulin unbinds 
from the channel, which increases the channel’s sensitivity to cGMP. Likewise, GCAPS 
stimulates guanylate cyclase (GC), which allows GC to rapidly convert GTP to cGMP, 
leading to the reopening of CNG channels. During light adaptation, calcium feedback 
blocks recoverin (Rec) inhibition of Grk1, meaning that activated visual pigments are 
more readily phosphorylated. Recently, it has been suggested that Grk1 could also 
accelerate the deactivation of PDE* (Chen et al., 2015). 
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The Recovery Phase of Phototransduction 
The recovery phase of phototransduction, shown on the right side of Figure 1.5, 
begins with the deactivation of the visual pigment. Rhodopsin deactivation involves 
receptor phosphorylation by rhodopsin kinase (Grk1). Phosphorylation of activated 
rhodopsin inhibits transducin activation, and is said to deactivate the visual pigment. The 
term “deactivate” may seem like a misnomer, because some in vitro studies have 
demonstrated that phosphorylated rhodopsin can activate transducin with a limited 
capacity (Miller et al., 1986; Wilden et al., 1986; Bennett and Sitaramayya, 1988; 
Wilden, 1995). Instead, complete deactivation of rhodopsin requires another reaction, 
which occurs when visual arrestin (Arr1) binds to the phosphorylated receptors. It is 
noteworthy that numerous studies provide tentative evidence for this model. These same 
models emphasize that rhodopsin phosphorylation primarily regulates deactivation of 
rhodopsin. These hypotheses will be directly tested in this dissertation.  
Next in the recovery phase is the deactivation of transducin. The activity of Tα-
GTP is quenched through GTP hydrolysis to GDP. The rate of Tα-GTP hydrolysis is 
accelerated by its association with a GTPase accelerating protein (GAP) complex. This 
complex is formed with a regulator of G-protein signaling 9 (RGS9), a transducin 
GTPase-accelerating protein (He et al., 1998), and Gβ5L (Makino et al., 1999; Keresztes 
et al., 2004), which is anchored to the outer segment by RGS9-1-Anchor Protein, R9AP 
(Hu and Wensel, 2002; Cao et al., 2010). Additionally, the affinity of this GAP complex 
for Tα-GTP is increased by PDEγ (Tsang et al., 2006). Coupled to this reaction is the 
deactivation of PDE*. When Tα-GTP is hydrolyzed, it dissociates from PDEγ (Fain, 
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2011). Next, PDEαβ rapidly associates with PDEγ, which deactivates the PDE complex. 
Likewise, Tα-GDP can either associate with a free Tβγ, or it can become solubilized 
within the cytoplasm. 
As previously mentioned, the closure of the CNG channels decreases the local 
concentrations of free Ca2+ (Sampath et al., 1998; Sampath et al., 1999). Furthermore, it 
was explained that calcium feedback (Figure 1.7) promotes the guanylate-cyclase-
activating proteins (GCAPs) stimulation of guanylate cyclase (GC). In mouse rods, there 
are 2 GCAPs: GCAP1 and GCAP2, that regulate cyclase activity (Howes et al., 2002; 
Makino et al., 2008). Cyclase performs the enzymatic conversion of GTP to cGMP. The  
stimulation by GCAPS accelerates the rate of cGMP production. As the intracellular 
cGMP concentrations return to normal, CNG gated ion-channels reopen, which, in turn 
restores the dark current and depolarizes the photoreceptor. As free Ca2+ flows into the 
cell, GCAPs inhibition of cyclase is restored. 
 
Special Circumstances: Light and Dark Adaptation 
Photoreceptors are designed to function over a wide range of light intensities. In 
low light, these cells exhibit photoresponses with slow integration times, which aids in 
relaying visual information to the brain. However, when the ambient light intensity 
increases, a slow integration time would cause the rod photoreceptors to maximally 
hyperpolarize and the cells would remain that way until the light intensity was reduced. 
Therefore, photoreceptors must undergo light adaptation, thereby modulating the 
phototransduction machinery to extend the graded response range into brighter light 
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intensities. Two distinct characteristics are observed in light adapted rod photoreceptors. 
First the photoresponses are accelerated. This acceleration includes a faster raising phase 
and a faster recovery phase in the light responses. Second, there is a significant reduction 
in the response amplitudes for light adapted rods when compared to dark-adapted rods. 
Likewise, there is a noticeable reduction in the dark current during light adaptation. 
Dark current reduction results in a decrease in intracellular Ca2+ and 
photoreceptors become continuously impacted by calcium feedback mechanisms. 
Reduced intracellular calcium creates a set of conditions where Mg2+ binds to GCAPS, 
which stimulates cyclase, which elevates the baseline activity of GC and the acceleration 
in the photoresponses (Peshenko and Dizhoor, 2004, 2006; Dizhoor et al., 2010). 
Recoverin inhibition of Grk1 has an important role in light adaptation. Under 
these conditions, there is an increase in the rate in which Grk1 phosphorylates Rh* 
(Kawamura, 1993; Chen et al., 1995a). Likewise, Grk1 is believed to regulate the lifetime 
of Rh* (Chen et al., 2012). More specifically, the recovery phase of phototransduction 
was accelerated when Grk1 was over expressed (Sakurai et al., 2011), and when 
recoverin was removed (Makino et al., 2004; Chen et al., 2012).  
Phototransduction promotes the translocation of three proteins within the cell: the 
α-subunit of transducin (Tα), visual arrestin, and recoverin. In darkness, α-transducin is 
centrally localized to the outer segment, and translocate out of the outer segment 
following bright light exposure (Whelan and McGinnis, 1988; Sokolov et al., 2002). The 
same is true for recoverin (Strissel et al., 2005). Conversely, arrestin is primarily 
localized in the inner segment while the photoreceptors are dark-adapted. A small 
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fraction can be found in the outer segment. During light stimulation, arrestin migrates 
into the outer segment (Whelan and McGinnis, 1988; Sokolov et al., 2002; Nair et al., 
2005; Strissel et al., 2006). 
The mechanisms for light adaptation occur under two principle conditions. 
Background light adaptation is produced by continuous stimulation of the 
phototransduction cascade; this occurs in all light conditions, from the very faint to well 
lit. This form of adaptation has the normal hallmarks, including the shortened integration 
time course for responses (Leibrock et al., 1994). Likewise, the amplitude of photon 
responses is reduced in the presence of background illumination. 
For bright bleaching light conditions, in which a more significant fraction of the 
visual pigment has been bleached, there are additional consequences (Leibrock et al., 
1994). For example, a 90% bleached retina only contains 10% of its visual pigment in a 
light sensitive formation. This would produce a 10-fold reduction is sensitivity due to loss 
of quantum catch, which reflects the fact that only the remaining 10% of the pigment is 
photosensitive. The desensitization however, far exceeds the loss of sensitivity due solely 
to the loss of quantum catch (Gouras, 1972; Harosi, 1996; Nymark et al., 2012). One of 
the consequences of bleaching light intensities is the accumulation of opsin (Cornwall 
and Fain, 1994; Matthews et al., 1996; Lamb et al., 2015). Individual molecules of opsin 
have the ability to activate transducin. The activity is very small, such that one opsin 
molecule is only ~10-7 as effective as a single Rh* in stimulating transducin (Cornwall 
and Fain, 1994; Cornwall et al., 1995; Jones et al., 1996; Matthews et al., 1996). 
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However, when a substantial fraction of rhodopsin is bleached, the decay to opsin 
produces an effect that is identical to background light adaption. 
 
Dark adaptation is the systematic reversal of all of the light adaptation 
mechanisms. These reactions are required to restore the sensitivity of rods, and restore 
the photoreceptors’ ability to detect single photons. Dark adaptation requires the 
regeneration of rhodopsin, the resequestering of transducin and recoverin to the outer 
segment, the resequestering of arrestin to the inner segment, and ultimately, the 
restoration of the dark current. There are likely more complex processes involved, 
however, these additional steps remain elusive since late stage dark adaptation is poorly 
understood. 
 
Rhodopsin Phosphorylation, Dephosphorylation, and Dark Adaptation 
 Dark adaptation involves a series of processes that are essential to restoring a light 
adapted rod photoreceptor’s sensitivity when transitioning to low levels of illumination. 
In general, these processes are poorly understood, but it is known that during dark 
adaptation, visual pigment must be regenerated, dephosphorylated, and decoupled from 
arrestin. The current understanding of dark adaptation comes from experiments designed 
to study phototransduction and through examination of the processes involved in light 
adaptation. There is a conflict in this approach: since the study of light adaptation 
primarily reflects on the methods that are not involved in dark adaptation. Therefore, we 
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infer that dark adaptation must involve a reversal of all of the known light adaptation 
mechanisms, but this approach lacks direct examination of dark adaptation processes.  
 A large body of research has shown that light activation of rhodopsin results in 
visual pigment phosphorylation (for review see Hurley et al., 1998). Phosphorylation 
constitutes the first of two steps needed to deactivate rhodopsin. In rod photoreceptors, 
rhodopsin kinase, GRK1, sequentially phosphorylates a cluster of six to seven 
serine/threonine residues located near the carboxyl-terminus of rhodopsin (Kuhn, 1974; 
Chen et al., 1995b; Hurley et al., 1998; Mendez et al., 2000a; Mendez et al., 2000b; 
Kennedy et al., 2001; Azevedo et al., 2015). Following phosphorylation, arrestin-1 binds 
to rhodopsin, which results in the complete deactivation of rhodopsin (Wilden et al., 
1986; Wilden, 1995). The multitude of phosphorylation sites (that promote arrestin 
binding), provide a multifaceted (and mutually inclusive) control on rhodopsin’s active 
lifetime, which is manifested in highly reproducible single quantal responses (SQR) 
(Doan et al., 2006; Azevedo and Rieke, 2011). This feature is important in rods, since 
SQRs allow rods to function in all low light conditions. 
 During continuous illumination, mouse rods have a significant fraction of 
rhodopsin in a phosphorylated state (Lee et al., 2010). Following 90 minutes of “bright” 
office-lighting light adaptation, Lee et al. (2010) showed that 45% of the opsin (the apo-
protein of the visual pigment) was light-sensitive rhodopsin (either un-bleached or 
regenerated), and the remaining 55% was in the form of bleached rhodopsin. At the same 
time, these authors observed that 80% of the total opsin was phosphorylated. Minimally, 
this means that at least 25% of the visual pigment was phosphorylated rhodopsin. The 
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majority of the phosphorylated rhodopsin contains 2 or more attached phosphates. It is 
reasonable to form the assumption that complete dark adaptation requires 
dephosphorylation of regenerated phosphorylated rhodopsin, which evokes the question: 
what effect does rhodopsin phosphorylation have on dark adaptation?   
 A number of in vitro experiments have investigated rhodopsin phosphorylation 
and phototransduction. Generally, these studies show that phosphorylation of rhodopsin 
alone is not enough to quench Tα activation (Miller et al., 1986; Wilden et al., 1986; 
Wilden, 1995) and that arrestin is required to terminate Rh* activity (Bennett and 
Sitaramayya, 1988). Electrophysiological experiments on Arr1-/- mice rods showed flash 
responses that had very prolonged activation (Xu et al., 1997). The response only 
partially recovers, and the phototransduction cascade continues for several seconds. This 
provides strong evidence that phosphorylated rhodopsin (P-Rh) might be able to initiate 
phototransduction upon reactivation. However, all these interpretations omit the 
interaction between P-Rh and arrestin. It is a widely held belief that arrestin would 
immediately quench all activity produced as a result of P-Rh activation. 
 The role of arrestin must be further examined. Arrestin has a strong affinity for 
activated phosphorylated rhodopsin (P-Rh*) and a significantly lower affinity for P-Rh 
(Vishnivetskiy et al., 2007). NMR experiments confirm this affinity by revealing that 
arrestin transiently binds to P-Rh, and strongly binds to P-Rh* (Zhuang et al., 2013). 
Curiously, Arrestin-1 exists in a basal state that transitions into a binding-competent 
conformation by encounters with P-Rh* (Gurevich et al., 2011). In the intact rod, 
arrestin-1 in the basal state competes with GRK1 and slows Rh* (Metarhodopsin II) 
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deactivation (Doan et al., 2009). This conjures up a different set of questions: can P-Rh 
activate Arrestin-1, and convert it to a binding competent state? Would the 
aforementioned set of conditions increase the rate of P-Rh* deactivation? Moreover, 
would there be a difference in the rate of excitation and recovery between ground-state 
Rh and P-Rh? 
 The primary focus this dissertation is to characterize the relationship between 
rhodopsin dephosphorylation and dark adaptation in mouse retina. Inhibition of 
rhodopsin dephosphorylation by genetic means in mice is problematic because the 
rhodopsin phosphatase gene has not been definitively identified (Ramulu et al., 2001). In 
this study, I have identified a methodology to significantly inhibit rhodopsin 
dephosphorylation. I employ this methodology to test the hypotheses that recovery of 
sensitivity during dark adaption is inhibited by phosphorylation of rhodopsin. Likewise, I 
will test the hypothesis that arrestin-1 exhibits high affinity binding to P-Rh and will 
therefore prevent photolyzed P-Rh from initiation of phototransduction.  
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CHAPTER TWO: EXPERIMENTAL METHODS 
The methods outlined in this chapter cover all the procedures and analytical 
methods that were used while conducting this research project. Included in each section is 
the rationale behind each type of experiment, the theory that describes the experiment, a 
description of the instrument(s) and/or experimental procedure(s), a description of the 
data collection process, and the techniques used during data analysis. All experiments 
described and reported in the Methods and Results chapters, respectively, were performed 
using tissues isolated from mouse retinae. 
Retinae were then measured using an array of different instruments and under 
several experimental conditions. Spectrophotometric measurements on the visual pigment 
were made using a microspectrophotometer (MSP). Electrophysiological measurements 
of rod photoreceptors were performed with trans-retinal electroretinograms (ERG), and 
with single cell suction pipettes. Rhodopsin phosphorylation from these isolated retinae 
were measured using iso-electrically focused (IEF) immunoblots. Finally, transducin 
translocation was measured from isolated rod outer segment using Western blots. 
 
Animal strains and husbandry 
All experimental procedures performed on wild-type and transgenic mice were in 
accordance with protocols approved by the Animal Care and Use Committees of Boston 
University School of Medicine (Boston, MA, USA) and the University of Southern 
California Keck School of Medicine (Los Angeles, CA, USA) and they comply with the 
standards set forth in the Guide for the Care and Use of Laboratory Animals (Alvarez and 
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Pardo, 1997; Worlein et al., 2011; Carbone, 2012) and the Animal Welfare Act (United 
States. et al., 2013).  
Three strains of mice, “wild-type” (WT) C57BL/6J (J denoting Jackson Lab’s 
inbred strain), cone photoreceptor function loss-3 (cpfl3-/-), and G-protein receptor kinase 
1 knock-out (Grk1-/-) were used in these studies. The cplfl3-/- strain has a spontaneous 
missense mutation within the alpha subunit of cone transducin, GNAT2 (guanine 
nucleotide binding protein ([G protein]), that abolishes cone phototransduction. This 
mutation was generated and characterized within Jackson Lab’s C57BL/6J colony 
(Chang et al., 2006). Hereafter, cpfl3-/- mice will be referred to as Gnat2-/- mice; reflecting 
the proteomic phenotype. The Grk1-/- strain has rhodopsin kinase (GRK1) genetically 
knocked out of the C57BL/6 genome (Chen et al., 1999). Photoreceptors lacking GRK1 
are unable to phosphorylate activated rhodopsin molecules (Chen et al., 1999; Dryja, 
2000). 
Wild-type mice were 6-10 weeks of age at the time of experiments, Gnat2-/- mice 
were between 3-12 weeks of age, and Grk1-/- mice were between 3-12 weeks of age. All 
three strains were used at Boston University School of Medicine, were maintained on a 
12 h light – 12 h dark cycle, and were dark adapted for 12 h before all experiments. Only 
wild-type mice were used at the USC Keck School of Medicine, and were maintained in 
continuous darkness for 24 h a day. All animals were dark adapted overnight prior to use. 
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Tissue collection 
At the beginning of each ex vivo experiment and as indicated for in vivo 
experiments, mice were euthanized in dim red light by cervical dislocation followed by 
decapitation. Eyes were removed from the animal and placed in a 30 mm plastic Petri 
dish containing physiological solution (described in Physiological Solutions section 
below). From this point, all dissections and manipulations of tissue were performed under 
infrared illumination with the aid of infrared imaging systems. The eyes were hemisected, 
and then placed in physiological solution. Unless otherwise stated, retinae were carefully 
isolated and removed from the retinal pigment epithelium (RPE). Retinae were then kept 
in darkness until use, in a light tight container containing a nutrient rich physiological 
solution. 
For a limited set of in vivo experiments, dark-adapted mice were rendered 
unconscious using vaporized isoflurane (2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-
ethane). Afterwards, animals were further sedated with an intraperitoneal injection of 
ketamine (100 μg/g body weight) and xylazine (10 μg/g body weight) mixture. 
Afterwards the pupils were dilated with an application of 2.5% AK-dilate™ 
(phenylephrine hydrochloride ophthalmic solution, USP) and 0.5% Tropicacyl® 
(tropicamide ophthalmic solution, USP). Eyes were then exposed to light and the visual 
pigment was bleached (see Bleaching Ex Vivo and In Vivo Retinae section below). 
Afterwards mice were returned to darkness as indicated by the experiment before the 
tissue was harvested as previously described. 
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Physiological Solutions, Retinoid Preparation, and Tissue Incubation 
Isolated retinae were maintained in Ames culture medium (Ames and Nesbett, 
1981; Azevedo and Rieke, 2011). Ames medium was first formulated to simulate the 
extracellular solution that surrounds rabbit retinae, but has since been shown to be quite 
effective for mouse photoreceptors (Azevedo and Rieke, 2011). Ames culture medium 
contains 120 mM Na+, 3.6 mM K+, 2.4 mM Mg2+, 2.3 mM Ca2+, 125.4 mM Cl-, 0.5 mM 
H2PO4-, and 2.4 mM SO42-, as well as critical vitamins, and amino acids. This aqueous 
medium was prepared from powdered stock (8.8 g/L) and was buffered to pH 7.4 by one 
of two buffering agents. The first agent was NaHCO3 (1.9 g/L), which was added to the 
aqueous Ames medium. This addition of NaHCO3 adjusted the final Na+ concentration to 
143 mM, and contributed a HCO- concentration of 23 mM. The pH was then adjusted to 
7.4 by heating the solution to 37°C and bubbling with a gas mixture of 95% O2 and 5% 
CO2. The second buffer used was HEPES. Here, 4.36 g/L of HEPES buffer and 0.90 g/L 
(~15.4 mM) of NaCl were added to the Ames medium, and the pH was adjusted to 7.4 by 
drop-wise addition of 1M NaOH. This solution was not bubbled with a mixture of 95% 
O2 and 5% CO2, because doing so would affectively lower the pH to ~5.6.  Instead, 100% 
O2 was used, which had no effect on the pH (originally set to 7.4). 
Additional compounds were added when performing trans-retinal ERG 
experiments. These pharmacological agents were added to the medium to block certain 
electrical components of the ERG response These were: 50 μM of racemic DL-(+)-2-
Amino-4-phosphonobutyric acid  (DL-AP4) and 100 μM of BaCl2. Rational for the use of 
these specific agents is found below in the Trans-retinal Electroretinogram section. 
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Preparation of 11-cis Retinal 
A stock solution of 11-cis retinal was prepared by dissolving 1 mg of crystalized 
11-cis retinal in ethanol (EtOH) in a small glass conical vial. The concentration of this 
stock solution was determined using a conventional spectrophotometer. In ethanol, 11-cis 
retinal has an extinction coefficient of 24,900 M-1 cm-1 at 380 nm (Wald et al., 1955; 
Kane and Napoli, 2010). Afterwards the volume of EtOH was adjusted (through dilution) 
to achieve a stock solution of 11-cis retinal with a concentration of 15 ± 5 mM. Aliquots 
of stock solution were purged with nitrogen gas, then wrapped with aluminum foil, sealed 
in a light-tight 35 mm film canister, and stored at -80 °C until use. This concentrated 
stock solution was measured weekly to verify that it was not degraded by storage.   
Diluted aliquots of working solution to which tissue was exposed were made by 
adding 2 μL of 11-cis retinal stock solution to a 1 mL glass conical vial. Dilution was 
preformed through serial additions of Ames medium that contained 1.9 g/L NaHCO3 and 
10.0 g/L fatty-acid free BSA. Ames solution was added serially, in increments as follows: 
10 x 5 μl increments, then 4 x 50 μL, then 3 x 100 μL, and finally 1 x 450 μL. After each 
incremental addition, the vial was swirled vigorously. In total, this procedure yielded 1 
ml solution containing ~30 μM 11-cis retinal.  This solution was either used at full 
concentration, or following further dilution as indicated. 
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Tissue Incubation 
 
Figure 2.1: A light-tight incubation chamber for isolated retinae. This chamber was 
designed to maintain the health and viability of isolated retinae by bathing the tissue in 
physiological solution. The chamber contains a gas exchange system. The bottom 
chamber was large enough to hold an embryo dish. The embryo dish was filled with 3 
mL of Ames culture medium. For pigment regeneration experiments, 3.33 g/L Fatty Acid 
Free BSA and 10 μM 11-cis retinal was also added to this solution. A more detailed 
description of this chamber is in the text. 
 
Isolated retinae were maintained and incubated in a light tight chamber. A 
diagram of this chamber is presented in Figure 2.1. This chamber was fabricated by 
machining a solid piece of opaque black Delrin. The chamber had an interlocking lid 
between the top and bottom pieces that formed a light-tight internal chamber. The inside 
of the top and bottom pieces were hollowed out (indicated by the dashed lines). The top 
piece also had two spiral cut channels (not illustrated). These spiral channels were 
covered by a small piece of Delrin. This cover was secured to the top of the chamber with 
three opaque black nylon screws. Combined, these two spiral channels and the small 
piece of Delrin formed two light mazes that were used as in a gas exchange system. One 
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maze was used for injecting gas into the chamber, and the other for ejecting excess gas 
from the chamber. This gas exchange system was necessary with NaHCO3 buffering in 
order to maintain CO2/O2 tension in the solution at physiological levels as well as to 
stabilize pH. The bottom piece of the chamber was large enough to hold an embryo dish 
(catalog # 70543-30, Electron Microscopy Science, Hatfield, PA). The embryo dish was 
filled with 3 mL of Ames culture medium and a buffering agent. During pigment 
regeneration experiments, 3.33 g/L fatty acid free BSA (Sigma) and 10 μM 11-cis retinal 
was also added to this solution. Surrounding the embryo dish was 10 mL of physiological 
solution. The purpose for this solution is to help maintain the CO2/O2 tension. 
Additionally, it is believed this this extra solution keeps the chamber humid. 
 
Bleaching Ex Vivo and In Vivo Retinae 
Bleaching Ex Vivo Retinae 
A significant number of experimental procedures required photo-activation 
(bleaching) of a substantial fraction of the rhodopsin in retinae that had been isolated 
from the mouse eye cup. Empirically, it was determined that rapid (high intensity) bleach 
rates are detrimental to the health of mouse photoreceptors. Therefore, rapid bleach rates 
were avoided to ensure that photoreceptor damage by this means was minimized 
(Makino, 2012; Nymark et al., 2012). For these experiments, following dissection, 
isolated retinae were placed in a 30 mm plastic Petri dish that contained HEPES buffered 
Ames culture medium. The center of the Petri dish containing the retina was illuminated 
by light from an optical bench. The light bench was composed of an adjustable intensity 
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tungsten/halogen light source, a 500 nm interference filter, and multiple calibrated neutral 
density filters. Emitted light formed a circular 5 mm diameter (bleaching) field at the 
level of the preparation. The unattenuated (no neutral density filters) 500 nm wavelength 
filtered light intensity at the level of the retina was calibrated to be 1.92 x 108 photons 
μm-2 s-1. Calibration was accomplished with a 350 Linear/log Optometer radiometer using 
a Model 221 detector from which the filter had been removed (UDT Instruments, 
Baltimore, MD). The bleaching intensity was then adjusted at the beginning of each 
experiment to 5.53 x 105 photons μm-2 s-1 using neutral density filters. At this intensity the 
rate of bleaching of rhodopsin was 0.3% of total pigment content per second. 
The fraction of pigment bleached, F, under these experimental conditions was 
calculated from the equation: 𝐹 =   𝑒!!"#,             (2.1) 
where I is the incident light intensity (photons μm-2 s-1), p is the photosensitivity of 
rhodopsin, and t is the duration of light exposure in seconds. The photosensitivity has 
been determined empirically in situ at 500 nm to be 5.7 x 10-9 μm2 photon-1 for mouse rod 
photoreceptors (Woodruff et al., 2004; Nymark et al., 2012). The time, t, for a given 
bleaching exposure was determined by back-calculation for any desired bleach fraction F. 
Shown in Figure 2.2 is a dataset that demonstrate the accuracy of this methodology. 
Following bleaching, retinae were incubated in darkness as indicated in Ames culture 
medium at 35 °C (as described in Figure 2.1). 
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Figure 2.2: Microspectrophotometric (MSP) measurements of rhodopsin following 
exposure to prescribed light intensities. The data confirms how light exposure results 
in the bleaching of rhodopsin as described by equation (2.1). Plotted on the abscissa is the 
calculated bleach fraction. The ordinate represents the measured bleach fraction that is 
provided by MSP recordings (described in the Microspectrophotometry section of this 
chapter). This figure was produced from data that has been previously reported (Nymark 
et al., 2012). 
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Bleaching In Vivo Retinae 
During in vivo experiments, 90% of the visual pigment was bleached through 
light exposure. The procedures were more complicated. Unlike ex vivo retinal bleaches, 
which can be accurately determined using equation (2.1), in vivo bleaches need to be 
empirically determined for each experimental setup. There are inevitable optical issues 
that can not be directly avoided or easily corrected. Therefore, the relationship describing 
light exposure and bleached fraction F needed to be empirically determined. 
 For in vivo experiments, the eyes of anesthetized animals (see the Tissue 
collection section above for detail) were exposed to calibrated 500 nm light in order to 
bleach a large fraction of the visual pigment over the course of 3-4 minutes. During this 
time, the body temperature of the animal was not monitored. Several different exposure 
intervals and light intensities were tested on different animals to determine the light 
exposure and bleached fraction F relationship. The amount of bleaching was determined 
in the following way. Following the exposure to bleaching light, the animals were 
sacrificed, and the retinae were isolated from the eyecup and from the RPE to inhibit 
pigment regeneration. Once isolated, retinae were transferred to an Eppendorf tube (one 
tube per retina) and treated with a solution that facilitated the solubilization of rhodopsin. 
The solubilization solution was composed of 1 mL of PBS buffer solution (pH 
7.4) that contained 10 mg/mL of n-Dodecyl-Beta-D-maltopyranoside (SOL-GRADE) 
detergent and 10 μL of protein C inhibitor cocktail (p8340). Each retina was immersed in 
200 μL of solubilization buffer. The Eppendorf tube, containing a single retina and 
solubilization buffer was then placed on a rocker shaker table for 2 hours. Afterwards, the 
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solubilized rhodopsin concentration was measured. Solubilized rhodopsin was measured 
using a standard absorption spectrophotometer. The spectrophotometer was setup to scan 
across the range from 280-600nm in 1 nm steps. One measurement was performed on 
solubilized rhodopsin from retina. Afterwards, the remaining unbleached rhodopsin was 
exposed in the cuvette for 2 minutes to very bright white light, and then a fully bleached 
spectrum was recorded.  
In order to standardize each spectrophotometric measurement for comparative 
analysis, the data from each recording was baseline corrected. For this purpose, the 
optical density at 600 nm was used for background subtraction. The optical density at this 
wavelength is not due to rhodopsin absorbance but instead results from fluctuations in the 
spectrophotometer’s measurement beam intensity. Beyond baseline corrections, the data 
was normalized to account for sample loading. 
One of the potential issues with this experimental method is that the volume of 
excised retina (i.e. the amount of retinal tissue placed into the Eppendorf tube) will affect 
the concentration of solubilized rhodopsin. Likewise, the spectrophotometric absorbance 
will be directly proportional to the concentration of solubilized rhodopsin. Since the 
volume of excised retinal tissue varied in each sample, the data needed to be normalized 
in order to allow for comparative analysis. The data normalization process required 
exploiting the structural properties of proteins and one subsequent assumption about the 
sample. First, it is well known that rhodopsin contains aromatic amino acids (such as 
phenylalanine, tryptophan, histidine, and tyrosine). Three of these aromatic amino acids 
(tryptophan, tyrosine, and phenylalanine) absorb photons that have wavelengths around 
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280 nm (Smith, 1929). The assumption in the normalization process was that the 
measured absorbance at 280 nm due to these aromatic amino acids was directly 
proportional to the amount of solubilized rhodopsin (from excised retinal tissue). From 
these criteria, it is possible to normalize each sample by the recorded optical density at 
280 nm. 
The normalizing factor should not be determined from a single recorded data 
point. Instead, the normalized factor was determined from fitting a function to the 
aromatic absorbance. More specifically, a linear slope function was fit to the measured 
optical density between 285 - 295 nm. Afterwards, the slope and y-offset of this fit were 
used to calculate the optical density at 285 nm. This calculated value was used to 
normalize each spectrum to 1.0 at 285 nm (rather than at rhodopsin absorption peak 
around 500 nm). 
This methodology is demonstrated in Figure 2.3. Dark adapted preparations are 
graphed with black traces (with an averaged normalized absorbance at 500 nm of 0.076). 
For comparison, a fully bleached retina is graphed in with a pink trace (with a normalized 
absorbance at 500 nm of 0.005). Two different partial bleach conditions, shown in the 
blue and green traces, were used to calibrate the in vivo bleaches (with averaged 
normalized absorbance of 0.058 and 0.048, respectively). These spectra further indict that 
these two partial-bleach conditions photo-activated 23.5 % and 35.6 % of the visual 
pigment, respectively. By modifying equation (2.1) with a correction factor, it was 
possible to determine that the eye attenuated the incident bleaching light by 1.55 log10 
units. Following these calculations, it became possible to determine the conditions that 
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would produce a 90% bleach. These predictions were verified with the spectrum (orange 
trace), having a normalized absorbance of 0.008 that corresponded with to an 89.3 % 
bleach. 
 
Figure 2.3: Visual pigment bleaches on in vivo retinae. This data demonstrates how in 
vivo bleaches were empirically determined. Solubilized rhodopsin was prepared from 
bleached in vivo retinae and the absorbance was measured using a spectrophotometer. 
Each trace was baseline subtracted, and then normalized by each sample’s absorbance at 
285 nm. Dark adapted preparations are shown in the black traces. A fully bleached (> 
99%) retina is shown in the pink trace. Two different bleach conditions were used to 
calibrate these bleaches. The first condition, depicted in the blue traces, bleached 23 % of 
the visual pigment. A second light exposure condition depicted in the green traces, 
bleached 35 % of the visual pigment. From these data, it was possible to determine the 
relationship between light exposure and the resulting rhodopsin bleach fraction for in vivo 
experiments. To confirm this relationship, an in vivo retina was exposured to the 
prescribed amount of light needed to bleach 90 % of the visual pigment. The outcome is 
shown in the orange trace, and correspond with a bleach of 89 %, thus confirming the 
relationship. The ordinate of the left hand side represented the normalized absorbance.  
The scale on the right hand side represents the in vivo bleach (%) for each condition. 
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Microspectrophotometry 
Rhodopsin is the only protein in the rod photoreceptors that is capable of 
detecting photons and initiating phototransduction. Light absorption causes rhodopsin to 
be photoisomerized (“bleached”) and subsequently renders it essentially insensitive light 
in the visible range of wavelengths. This decrease in the concentration of light-sensitive 
rhodopsin within the outer segment means that the rod photoreceptors have a reduced 
ability to absorb additional photons. This loss of quantum catch, in combination with 
other factors, results in light adaptation. Recovery of sensitivity in subsequent darkness 
(i.e. dark adaptation), is a complex process that, among other things, requires 
regeneration of the rhodopsin. Studying light adaptation and dark adaptation requires 
monitoring the changes in the concentration of rhodopsin within the outer segment.  
A tool was needed to measure the relative concentration of rhodopsin in intact rod 
cells under different conditions. Microspectrometry (MSP) was the tool of choice, 
because the instrument can perform direct absorbance measurements of rhodopsin and its 
photoproducts from intact photoreceptors. 
 
Principles of Microspectrophotometry 
Rod photoreceptors contain ~3 mM of rhodopsin within the outer segment 
(Harosi, 1975). This pool of rhodopsin, when measured, has a characteristic spectral 
absorbance profile (Govardovskii et al., 2000). When bleached, the measured absorbance 
profile of rhodopsin changes. At first, bleached rhodopsin will be transformed into a 
metarhodopsin photoproduct state, of which MI, MII (Rh*), and MIII have been 
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identified. When the overall concentration of rhodopsin decreases, so does the spectral 
absorbance due to rhodopsin. All of these changes in absorbance are measureable. When 
multiple measurements are compared, changes in rhodopsin absorbance can be tracked as 
a function of time. MSP works by measuring the absorbance of rhodopsin (or meta-
photoproducts) as a function of wavelength. 
Absorbance, or OD, of rhodopsin in isolated patches of rod photoreceptors were 
made according to Beer’s Law:  𝑂𝐷 = 𝑙𝑜𝑔!"( !!"#$%!!"#$%&).          (2.2) 
where OD was the optical density, Isample was the transmitted photon beam intensity that 
passes through a patch of outer segments, and Iblank was the transmitted intensity of the 
photon beam when positioned in an adjacent space in the preparation that contains only 
culture medium but no outer segments. Optical density was measured as a function of 
wavelength λ over the range 300 – 700 nm in 2 nm steps. 
The polarization of the incident photon beam used to measure the optical density 
can affect the absorbance profile of rhodopsin (Harosi and MacNichol, 1974; Kolesnikov 
et al., 2003). This effect occurs due to the specific orientation of rhodopsin molecules 
within the outer segment’s membranous disks. This makes the outer segment dichroic; 
meaning that light is absorbed preferentially depending on the plane of polarization of the 
incident photons. This phenomenon and how to pertains to MSP experiments are 
illustrated diagrammatically in Figure 2.4A. Differences in resulting absorption spectra 
due to the outer segment’s dichroic nature are illustrated in Figure 2.4B. 
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Figure 2.4: Microspectrophotometry (MSP) recordings of rhodopsin are affected by 
the polarization of the photon beam used for absorbance measurements. A: 
Illustrated is a graphical depiction of the rhodopsin rich disks contained within the rod 
outer segment. This drawing depicts two different vectors of light propagation into these 
disks. The natural direction of light propagation is shown coming from below the 
membrane stacks along the longitudinal axis of the outer segment. The photons within 
this light always have an electric field that is aligned along the (radial or) transverse axis 
of these stacks. The MSP measurement beam is the second light propagations vector in 
this drawing, and it is incident on the membrane disks from the side. The photons within 
the MSP measurement beam will have an electric field that is either aligned with the 
membranous discs (T polarization), along a photoreceptor’s longitudinal axis (L 
polarization), or a combination of these two directions. Rhodopsin preferentially absorbs 
light that has a T polarization. This figure was reproduced with permission from Petri 
Ala-Laurila. B: MSP measurements of rhodopsin taken using T polarization (top panel) 
or L polarization (bottom panel). Select traces in both graphs are numbered. Matching 
numbers indicate the measurements were taken under identical conditions. Traces 
numbered 1 are dark-adapted spectra. Low numbers correspond to small durations of 
light exposure (seconds to minutes range). Likewise, the larger numbers represent 
durations of light exposure that occurred over tens of minutes. The difference between 
the top and bottom panel was due to the dichroic property of rod outer segments. These 
findings were previously reported (Kolesnikov et al., 2003), and reproduced here with the 
permission of the authors. 
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Description of the Microspectrophotometer Apparatus 
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Figure 2.5: A schematic illustration of the microspectrophotometer. Drawn on the 
right side of this drawing is a light (xenon arch light) source. This light source produced a 
beam of light that was used for MSP measurements. During measurements a computer 
controlled shutter allowed the white light beam to enter a programmable monochromator. 
The output monochromatic light beam passed through an adjustable rectangular aperture 
and a polarization prism. This light was reflected off a half silvered mirror and passed 
through a UV condensing objective positioned below the sample stage. The condensing 
lens was mounted on a computer controlled piezoelectric device to maintain focus across 
all wavelengths. The image of the aperture was focused onto the rod outer segments. 
Transmitted light is collected by an immersion objective above the preparation. A 
movable front surface mirror reflects the transmitted beam of light into a photomultiplier 
tube (PMT). The measured PMT current was recorded (as a function of wavelength) by a 
remote workstation (not shown). This instrument also had an infrared imaging system. 
Below the lower condensing lens was an IR LED. This light source allowed for beam and 
sample adjustments. The IR camera located above the microscope allowed for 
visualization of the rectangular slit and the rod outer segments. This instrument has 
previously been described (Frederiksen et al., 2012).  
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The microspectrophotometer is illustrated schematically in Figure 2.5. The 
instrument works as follows. Incident light for the measuring beam of light was provided 
by white light from a xenon arc lamp (Cairn Instruments, Kent, UK) that passes through a 
programmable monochromator. The intensity of the light exiting the monochrometer was 
attenuated using a neutral density quartz wedge (not shown in Figure 2.5). The beam of 
monochromatic light was then passed through an adjustable rectangular aperture and a 
Glan-Thompson polarizing prism. The prism was rotated to give the measurement beam a 
T or L polarization (see Figure 2.4). Unless otherwise stated, T polarization was used as it 
allows the maximum absorbance amplitude for rhodopsin. A mirror reflected the beam of 
polarized light through a UV transmitting quartz condensing lens (Achromatic UV-
Kondensor, Zeiss) that focused the aperture at the plane of the preparation. Chromatic 
aberrations were corrected by mounting the objective to a computer controlled 
piezoelectric device that was used to maintain the beam focus at all wavelengths. The 
sample chamber in which the retina was placed was a machined 2 mm thick disc of 
Plexiglas with a quartz cover-slip window located on the bottom. Retinae were mounted 
on top of this quartz coverslip, and flattened with a tissue anchor (Warner Instruments, 
Hamden, CT, USA) and continuously perfused with Ames medium. Rod photoreceptor 
outer segments where positioned into the light path of the monochromatic beam. The 
rectangular aperture is adjusted to project a box that was dimensionally close to ~10 x 6 
μm in size, and which simultaneously illuminated the outer segments of multiple rods. 
An immersion microscope objective was in contact with the superfusate covering the 
retina and was located above the sample stage. It collected light that was passed through 
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the rod photoreceptors (immersible Fluor 20X objective, Nikon). This objective directed 
transmitted light via a movable front surface mirror, through an electronically controlled 
shutter and onto the surface of a photomultiplier tube (PMT). The PMT recorded the 
transmitted light as a photocurrent that is digitally stored (as a function of wavelength) by 
a remote workstation. 
An additional feature of the MSP instrument was that it incorporated an infrared 
imaging system for viewing the preparation of rod outer segments. This consisted of an 
infrared light source and camera that was attached to the microscope optics. The imaging 
system aids the user in positioning/orienting the rod outer segments into the optical path 
of the measurement beam. During the time of absorbance measurements, the infrared 
imaging system was deactivated. 
During recordings, the monochromator was programmed to scan linearly between 
300 – 700 nm in discrete 2 nm steps. Each spectral measurement consisted of ten separate 
scans, each performed in less than 1 s. These scans were averaged to minimize noise. All 
of the data was stored on a remote work station. It was determined and previously 
reported that each series of 10 measurement bleached < 0.1% of the visual pigment 
(Nymark et al., 2012). Further analysis of the data was performed in a custom made 
LabVIEW™ software suite. 
 
Trans-Retinal Electroretinogram 
Electroretinography (ERG) is an electrophysiological technique that records the 
voltage changes in the whole retina when it is exposed to a light stimulus. ERG 
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recordings were made on isolated retinae. Trans-retinal ERG measurements provide a 
means to determine the flash sensitivity from the whole retina under condition that were 
the same as those for biochemical determinations of the extent of rhodopsin 
phosphorylation (described in detail below). ERG measurements on wild-type retinae 
record the electrical responses from rod and cone photoreceptors, and from other retinal 
neurons, including bipolar, horizontal, amacrine, Müller, and ganglion cells. Additional 
steps were required in order to exclusively isolate the electrical responses from rod 
photoreceptors. 
ERG recordings presented in this dissertation were made on Gnat2-/- mice, in 
which the cone electrical response is absent. Isolation of photoreceptor responses was 
achievable with the aid of a pharmacological cocktail added to the profusion system. This 
pharmacological cocktail added 50 μM DL-AP4 (DL-(+)-2-Amino-4-phosphonobutyric 
acid; Tocris Biosciences, Bristol, UK) to the superfusate; a glutamate receptor agonist 
which blocked bipolar and horizontal cell transmission (Nakajima et al., 1993; Heikkinen 
et al., 2012). The activity of voltage-gated channels of Müller cells was inhibited by 
adding 100 μM BaCl2 to the superfusate (Bolnick et al., 1979; Baylor et al., 1984; 
Newman, 1989; Burns et al., 2002; Nymark et al., 2005; Heikkinen et al., 2012). 
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Description of the ERG Apparatus 
 
Figure 2.6: Schematic of a trans-retinal electroretinogram (ERG) recording 
instrument.  A tunable light source provides a stimulus to the measured retina.  The 
duration of light exposure is controlled by a shutter, and the intensity is further controlled 
using neutral density filters. An interference filter selectively limits the stimulus 
wavelengths (in this case to 500 nm). Afterwards, the light is projected onto the plane of 
a flat mounted retina.  The response is recorded using two silver-chloride electrodes 
(positioned above and below the retina). These electrodes are connected to a differential 
amplifier, and the signal is digitalized and stored on a remote workstation. A 
representative dataset (recorded in the presences of the pharmaceutically cocktail) is 
shown on the left. 
  
	  	  
49 
A schematic representation of the equipment used for ERG measurements is 
shown in Figure 2.6. A tunable bright light source provided light stimulation. The 
stimulus intensity was attenuated using calibrated neutral density filters. These filters 
were capable of attenuating the light by up to 9 orders of magnitude (9 log10 units) in 0.1 
log unit intervals. The light also passed through a 500 nm filter (half band, 10 nm). An 
electronic shutter controlled the duration of light stimulus, restricting the duration of 
stimulation to 20 milliseconds. The stimulus flash was reflected off a mirror into a 
condensing lens, and was focused at the plane of the retina. The spot size was ~5 mm in 
diameter (sufficiently large to illuminate the entire retina), and was of uniform in 
intensity. Following its isolation, each retina was positioned in a custom recording 
chamber, in which a retina was flat mounted. A recording and reference electrode were 
positioned above and below the retina. These electrodes were connected to a differential 
amplifier, and the flash responses were recorded using a Warner Instruments DP-311 
differential amplifier (1000 X gain). Responses were low-pass filtered at 1000Hz, before 
being digitized and recorded at 2 kHz using a Digidata 1322A acquisition board (Axon 
Instruments, Sunnyvale, CA). 
An illustration of the recording chamber is provided in Figure 2.7. The recording 
chamber was custom fabricated from Plexiglas. The chamber had a recessed area that was 
designed to accommodate a submerged flat mounted retina that was suspended on lens 
paper (not shown). Below the retina was a cavity designed to accommodate a small 
volume of fluid. A 1 mm hole separated the (open) upper chamber from the lower cavity. 
Both the chamber and the cavity were filled with Ames culture medium and were 
	  	  
50 
buffered with bicarbonate and HEPES, respectively, at pH 7.4. During recordings, one 
electrode would be placed in the lower cavity, and another was positioned in solution 
above the retina. A temperature probe was also submerged in the chamber to monitor the 
temperature. The chamber temperature was maintained at 35 ± 1 °C. 
 
Figure 2.7: The ERG recording chamber. Placed within the recording chamber is a 
retina that was positioned photoreceptor side up, and flat mounted on top of lens paper 
(not shown) using a slice anchor (not shown for clarity). The chamber was filled with 
physiological solution via the perfusion inlet. Excess solution was removed by aspiration 
of the surface. A cavity below the retina provided an electrolytic space in which a 
reference electrode was placed. 
 
Calibration of the Optical Bench for ERG Stimulation 
The intensity and spatial extent of the flash stimulus were calibrated at the 
beginning of each experiment in the following way. The electronic shutter was engaged 
to the open position, and a circular aperture (positioned in one of the conjugate planes of 
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the optical system) was used to limit the spot size to 1000 μm in diameter at the plane of 
the preparation. The maximum intensity of the light at the plane of the preparation was 
measured with the detector of a radiometer while the voltage to the lamp was adjusted to 
provide the same intensity at the beginning of each experiment. The unattenuated 500 nm 
wavelength filtered light intensity at the level of the retina was calibrated to be 1.27 x 107 
photons μm-2 s-1. Calibration was accomplished with a 350 Linear/log Optometer 
radiometer using a Model 221 detector that had the filter removed (UDT Instruments, 
Baltimore, MD). 
 
Analysis of ERG Data 
The recordings from each ERG experiment were processed using a custom made 
MATLAB® graphical user interface. Briefly, this software was designed to remove the 
DC offset from each recorded trace and to provide the average response for each test 
flash intensity. Seven trials were averaged for the dimmest flashes, four trials for modest 
light intensities, and a single flash trial was used for the brightest light intensities. The 
software also recorded the maximal response amplitude of each of these averaged traces. 
A peak finding routine located the maximum-recorded amplitude and then averaged 10 
data points before and after the peak. The purpose of this averaging was to reduce noise-
induced artifacts. 
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Single Cell Suction Pipette Recordings 
Measurements of light activated changes in membrane current were made 
extracellularly from single cells that were attached to patches of retina. Such 
measurements can be used to determine the sensitivity and kinetics of flash responses as 
well as determine characteristics of single quantum responses. 
 
Description of the Suction Electrode Apparatus 
 A schematic representation of the single cell suction pipette apparatus is shown in 
Figure 2.8. Light flash stimuli were provided by an optical apparatus that was similar to 
the one used for the ERG measurements. Briefly, the tunable xenon bright light source 
provided a stimulus beam. The intensity of light was attenuated using calibrated neutral 
density filters, the wavelength was set to 500 nm using an interference filter (half-band, 
10 nm), and a shutter restricted the duration of light stimulus to 20 milliseconds. The 
stimulus flash was reflected off a mirror, into an objective lens that focused the light at 
the plane of the sample preparation. The samples consisted of small pieces of chopped 
retinae that were superfused with Ames culture medium. During the course of any 
experiment, individual cells where drawn outer segment first into a tight-fitting glass 
micropipette (detailed below). The micropipette was connected to a headstage via an 
Ag/AgCl pellet in an electrode holder (Warner Instruments; Hamden, CT). The headstage 
converts the photoreceptor’s photocurrent into a voltage signal, which is then amplified 
using a patch clamp amplifier (Model: List Patch Clamp L/M EPC7, List Electronics, 
Darmstadt, West Germany). Responses were then low-pass filtered at 60Hz, before being 
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digitized at 2 kHz using a Digidata 1322A acquisition board (Axon Instruments, 
Sunnyvale, CA), and stored digitally on a remote workstation.  
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Figure 2.8:  Schematic of the single cell suction electrode instrument. In this 
instrument, an adjustable light source was used to provide a stimulus to the cells. A 
shutter controlled the duration of light exposure. Within the light path was an interference 
filter that set the stimulus wavelength. A set of neutral density filters was used to 
attenuate the light intensity. The stimulus light was reflected off a mirror and projected 
onto the photoreceptors. The integrated infrared imaging system was used when 
positioning the cells and in drawing the cells into the micropipette. Following 
stimulation, the responses from the cell were amplified, digitalized, and stored on a 
remote workstation. A representative dataset is shown on the left side of the figure. 
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Single cell recordings were made from prepared isolated retinae. In general, 
working with whole isolated retina is difficult because the photoreceptors are densely 
packed together. Therefore, retinae were cut up into small workable patches using a 
surgical scalpel. These small pieces of retina were then suspended in HEPES buffered 
Ames culture medium, and were then injected into the sample chamber. A diagram of the 
recording chamber can be found in Figure 2.9. The retinal patches were given ~10 
minutes to allow them to spontaneous settle at and self-adhere to the bottom of the 
chamber. After this short period of settling, the perfusion system was engaged that 
provided gassed NaHCO3 buffered Ames culture medium that was heated to 35 ± 1°C. 
 
 Suction pipettes were fabricated by heat-pulling a 1 mm OD (0.75 mm ID) glass 
capillary tube to a fine point using a Flaming Brown micropipette puller model P80/PC 
(Sutter Instruments). The pointed tip of this micropipette was fire polished to form a 
smooth surface such that the orifice is just slightly smaller than the outer diameter of the 
outer segment. A tight contact between outer segment membrane and pipette glass is 
needed to form a seal, thus providing electrical isolation of the solution inside the pipette 
from that in the external solution.  
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Figure 2.9: A top view of the single cell suction pipette sample chamber. The sample 
chamber was designed to provide the retinal patches with nutrients, to provide suction 
pipette accessibility, all while maintaining a low (electrical) noise recording environment. 
The body of the chamber was milled from plastic into the shape as depicted. This 
chamber body was mounted on top of a 2 mm thick glass plate (plate not shown). The top 
of the chamber was covered by a thin cover slip. With the aid of these two panes of glass, 
there was a hollow cavity that was filled with solution and chopped pieces of retinae 
(pink pieces). This cavity was perfused with heated (35 °C) bicarbonate buffered Ames 
solution. Integrated within the chamber body was a temperature sensor and a reference 
silver-chloride electrode. As physiological solution was fed into the chamber, excess 
solution protrudes from the chamber and was drawn away by suction via perfusion outlet. 
This suction outlet consists of a clean glass capillary tube that was broken on an angle to 
promote a mixture of solution with air as superfusate is drawn away. In this way, excess 
solution was removed without purging the entire volume of chamber. At the same time, 
this system reduced the electrical noise. 
 
The size of the orifice at the tip of the pipette was empirically determined using a 
bubble number. The bubble number was determined by attaching each pipette to a short 
length of polyethylene tubing that was connected to a 10 mL plastic syringe. The tip of 
the pipette was immersed in a small volume of EtOH, contained in a scintillation vial. 
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Depressing the plunger of the syringe gradually increased the air pressure within the 
pipette. The plunger was depressed until the tip of the pipette bubbled. The pressure at 
which air bubbles exited from the tip of the pipette was recorded by the milliliter 
markings on the syringe barrel. This value constituted the bubble number. For these 
experiments, the size of the opening was set to produce a bubble number of 5.7 ± 0.1. If 
the bubble-number was greater than 5.7, then the opening was larger than ideal.  
Likewise, smaller openings had smaller bubble-numbers. 
At the time of the experiment, recording pipettes are filled with Ames culture 
medium that is buffered with HEPES. The pipette is then mounted into a microelectrode 
holder (World Precision Instruments Inc, Sarasota, FL). These holders also contain a 
silver-chloride pellet electrode, and a port that connects to an external tube. Negative air 
pressure is applied by mouth to this tube to draw the rod outer segment into the orifice of 
the pipette. The Ames solution within the pipette created a salt-bridge connection to the 
sliver-chloride electrode. The port connection allows the experimenter to orally apply the 
correct suction/pressure needed to pull cells in and to adjust the position of the outer 
segment within the pipette tip. 
Calibration of the Optical Bench for Suction Electrode Stimulation 
 The procedures for calibrating the suction electrode optical bench were nearly 
identical to those described in Calibration of the Optical Bench for ERG Stimulation. The 
differences are as follows. A 100W xenon/halogen lamp was used as a light source. A 
circular aperture was positioned in one of the conjugate planes of the optical system and 
was used to limit the spot size to 1000 μm in diameter at the plane of the preparation. The 
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unattenuated 500 nm light intensity at the level of the retina was calibrated to be 4.18 x 
107 photons μm-2 s-1. 
 
Measurements of Response Families from Single Cells 
 The procedures for measuring and processing suction electrode response families 
were identical to those described in Analysis of ERG Data. The only difference was that 
the MATLAB® analysis suite was configured to correspond with the specific light 
intensity used in these experiments and to the specific neutral density filters for this 
apparatus’s optical bench. 
 
Measurements of Quantal Responses from Single Cells 
Single photoreceptors were stimulated with dim light in order to measure the 
kinetics and frequency of discrete quantal electrical responses that result from discrete 
activations of rhodopsin molecules. After having been drawn into a micropipette, each 
rod photoreceptor cell was stimulated with dim light. Under these very dim flash 
intensities the distribution of photo-isomerizations per flash is predictable by discrete 
Poisson statistics. Data obtained from these experiments contains 100 trails under light 
stimulation, and 100 electrical instrument noise trials in absence of stimulation. 
Single quantal responses (SQR) were estimated by measuring the mean and time 
dependent variance from stimulated photoreceptors (Baylor et al., 1979; Rieke, 2000; 
Ala-Laurila et al., 2007). This analysis begins by first calculating the mean response r(t), 
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mean squared response r2(t), and that total variance σ2(t) for both the stimulated and non-
stimulated datasets as a function of time. In the treatment of this data as a Poisson process 
the variance from each (stimulated) trail is a combination of the variance of a light 
induced responses and the noise induced instrument variance.  From these trails the 
variance is formulated as, 𝜎!"#$%! =   𝜎!"#!!! +   𝜎!"#$!      (2.3)  
Here the total variance, σ2Total, is the linear combination of the light induced physiological 
response variance, σ2Light, and the dark variance in the absence of light stimulation, σ2Dark. 
The dark variance σ2Dark(t) was determined from the 100 trails recorded in the absence of 
light stimulation. Under these assumptions, the light induced variance was calculated as, 𝜎!!"!!! =   𝜎!"#$%! −   𝜎!"#$! .    (2.4)  
By determining the light induced variance, it becomes possible to determine the mean 
number of R* per flash by scaling the mean light response rLight(t) by the light induced 
variance σ2Light(t) as :  𝑅∗ = !!"#!!!!!"#!!! .       (2.5)  
In order to properly interpret the results of these types of experiments across multiple test 
conditions, it is necessary to determine the response amplitude produced from single R* 
events. This is determined by scaling the mean response r(t) by the mean R* per flash as 
shown by, 𝑆𝑄𝑅 𝑡 = !!"#!! !!∗ .     (2.6) 
To obtain the activation constant, A, SQR(t) of a given treatment were averaged, 
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smoothed (Origin 8.5.1) and normalized to the dark current (idark = 1, baseline = 0). The 
rising phases of these traces, y(t), were fitted with an activation model (Pugh and Lamb, 
1993): 
 y(t) = 1 – 0.5 A(t-teff)2,    (2.7) 
where t is the time and teff is a temporal offset. 
 
Isoelectric focused immunoblots to determine rhodopsin phosphorylation 
The motivation for isoelectric focusing immunoblots (IEF) experiments was to 
track the rate of dephosphorylation during dark adaptation. Samples were generated from 
isolated retinas that were bleached from in the intact (in vivo) eyes or from isolated ex 
vivo retinal preparations. Isoelectric focusing immunoblots were used to segregate 
rhodopsin lysates from whole retinae based on the number of post-transnationally 
attached phosphates. As described in the introduction, mouse (and human) rhodopsin has 
six Ser/Thr sites on rhodopsin’s carboxyl-terminus. Rhodopsin kinase, Grk1, 
phosphorylates these residues during the deactivation of the visual pigment. Each of these 
bound phosphates affects the overall electrical charge of rhodopsin, and therefore directly 
affects rhodopsin’s isoelectric point (pI). When performing an IEF experiment, the cell 
lysates were placed on a gel that had an electrical field induced pH gradient. The electric 
field also induced the migration of charged rhodopsin molecules. This motion stopped 
once rhodopsin molecules pass into a section of the gel in which the local pH matched the 
pI of individual rhodopsin molecules. Afterwards, the external electric field was 
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removed, and the gel is immunoblotted with mono-clonal rhodopsin antibodies (as 
described below). 
Tissue used for IEF analysis was generated from isolated retinae. At indicated 
time points, these retinae were transferred to an Eppendorf tube and then flash frozen in 
liquid nitrogen. Afterwards, these retinae were stored in foil wrapped tubes at -80 °C. The 
process was similar for in vivo bleach experiments, except the retinae were isolated from 
in vivo mouse preparations at a determined time point following bleaching and 
euthanization. 
The relative amount of visual pigment phosphorylation was determined in these 
samples as follows: Frozen retinae were thawed and homogenized in 400 μL of buffer A 
(containing: 25 mM HEPES, pH = 7.5, 100 mM EDTA, 50 mM NaF, 5 mM adenosine, 1 
mM phenylmethylsulfonyl fluoride (PMSF), and a protease inhibitor cocktail (Roche)) 
with a polytron homogenizer for ~30 s. Samples were then centrifuged at 4 °C for 15 min 
at 19,000 x g, and the supernatant was discarded. The pellet was washed 3 times with 1 
mL of 10 mM HEPES (pH = 7.5) solution. The pellet was thenresuspended in 1mL of 
buffer B (containing: 10 mM HEPES, ph = 7.5, 1 mM MgCl2, 100 μM EDTA, 2% BSA, 
50 mM NaF, 5 mM adenosine, a protein inhibitor cocktail (Roche), and ~900-1200 pmol 
of 11-cis retinal). The samples were placed on a nutator to incubate overnight. Following 
incubation, the samples were centrifuged and washed with 10 mM HEPES. The pellet 
was solubilized in 100 μL of buffer C (containing: 10 mM HEPES, pH = 7.5, 100 μM 
EDTA, 1 mM MgCl2, 10 mM NaCl, 1 % dodecyl-maltoside, and 1 mM dithiothreitol) for 
a period of 3 hours at 4 °C. Afterwards the samples were again centrifuged, and glycerol 
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was added to the supernatant to final concentration of 5%. The acrylamide gel (composed 
of: 5% acrylamide, 0.01% dodecylmaltoside, 13.33% glycerol, Pharmaltye pH range 3-8 
(GE Healthcare)) was prepared on a Pharmacia FBE 300 flat-bed apparatus. The samples 
were loaded, and the proteins were focused for 2 h at 25 W (constant power). The 
proteins were blotted onto nitrocellulose using capillary action. The membrane was 
washed with milk to block non-specific antibody binding.  Afterwards the membrane was 
probed with monoclonal antibodies 4D2, and R2-12N that bind to the N-terminus of 
rhodopsin. The bands were visualized by an ECL system (or LiCOR Odyssey imaging 
system) and the images digitalized. These procedures were originally described by 
Concepcion and Chen (2010) and are adapted from (Kuhn and McDowell, 1977; Adamus 
et al., 1993). IEF measurements were provided by Jeannie Chen’s lab at USC. 
Quantification of IEF Data 
IEF of bleached retinae will produce 7 distinct bands, corresponding to the 
number of bound phosphates (i.e. 0, 1, 2, … 6). IEF measurements cannot resolve which 
specific threonine or serine residues are phosphorylated; only the total extent of 
phosphorylation can be measured by this technique. For example, there are 6 different 
combinations in which rhodopsin can be singly phosphorylated, all of which have nearly 
identical isoelectric points. Conveniently the overlapping of pI greatly simplifies the 
presentation of data. With these constraints in mind, the banding pattern was analyzed 
using ImageJ.  
In each sample lane the total integrated intensity from each band was determined.  
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The intensity of each band was normalized by the total integrated intensity from all 
bands. The relative percentages were recorded, and averaged with like samples (n ≥ 3). 
IEF analysis was provided by Jeannie Chen’s lab at USC. 
 
Transducin Translocation in Isolated Retinae 
Mouse rod outer segments (ROS) were isolated as previously described (Moaven 
et al., 2013). Four retinae were pooled, frozen in liquid nitrogen, and stored in foil-
wrapped 1.5 ml microfuge tubes at -80 °C until analysis. At the time of analysis, tissues 
were thawed and suspended in Ringer’s buffer (130 mM NaCl, 3.6 mM KCl, 2.4 mM 
MgCl2, 1.2 mM CaCl2, 10mM HEPES, 0.02 mM EDTA, pH 7.4) containing 8% 
OptiPrep™ (Sigma Aldrich). Each sample was vortexed for two minutes. Afterwards the 
tissue pieces were allowed to settle for one minute. The supernatant containing severed 
ROS was removed and collected, then 8% OptiPrep was again added and the process 
repeated four more times. The pooled supernatant was centrifuged on a discontinuous 
gradient containing 10% and 18% OptiPrep in Ringer’s buffer at 70,000 rpm in a 
Beckman TLA100 rotor for ≥ 1h. The ROS band was collected and diluted in 3 volumes 
of Ringer’s buffer, centrifuged at 50,000 rpm. The pelleted ROS were resuspended in 
Ringer’s buffer containing 1% n-dodecyl-β-maltoside and protease inhibitor cocktail 
(Roche diagnostics) and incubated at room temperature for 30 min. The ROS sample 
was combined with equal amount of 2X sample buffer and the proteins separated on 
SDS-PAGE, blotted onto nitrocellulose, and probed with the following antibodies: rabbit 
anti-Gβ5 at 1:3,000 dilution (M. Simon) and mouse anti-GNAT1 (TF-15, 1:5,000, 
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CytoSignal). Signals were detected using an LI-COR Odyssey Infrared Imaging system. 
ROS procedures, measurements, and data analysis was performed at USC in Jeannie 
Chen’s lab. 
 
. 
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CHAPTER THREE: RESULTS 
The aim of this study was to determine how rhodopsin dephosphorylation affects 
dark adaptation. Specifically, my goal was to test the hypothesis that rhodopsin 
dephosphorylation is required for dark adaptation of rod photoreceptors. This hypothesis 
has been the topic of previous studies designed to correlate rhodopsin dephosphorylation 
and dark adaptation (Kennedy et al., 2001; Lee et al., 2010). These studies however 
stopped short of providing a causal relationship. To test this hypothesis, I have developed 
an approach in which I could substantially block rhodopsin dephosphorylation, and then 
determine the physiological consequences to dark adaptation. The results presented in 
this chapter outline the protocols that I have developed that abolished rhodopsin 
dephosphorylation in isolated ex vivo retinae. I then performed electrophysiological 
experiments, under identical conditions, to understand how rhodopsin dephosphorylation 
effects dark adaptation. 
 
Rhodopsin Phosphorylation in Ex Vivo Bleached Retinae 
 In order to test the hypothesis of this dissertation, there needed to be a model 
system in which rhodopsin dephosphorylation could be regulated. Unexpectedly, I 
discovered that rhodopsin dephosphorylation was effectively blocked by simply isolating 
the retina and placing it in isotonic Ames solution used for electrophysiological 
recordings. The data demonstrating this phenomenon is presented in Figure 3.1. Here, 
rhodopsin phosphorylation was measured from dark adapted and from bleached isolated 
WT retinae using IEF protocols (see Methods). IEF gels are composed of several lanes, 
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each designed to evaluate how the tested experimental conditions affect rhodopsin 
phosphorylation. With this experimental approach, rhodopsin is segregated based on the 
degree that each molecule is phosphorylated. A single rhodopsin molecule can either be 
unphosphorylated, denoted as 0P on the ordinate of each gel, or phosphorylated from one 
to six times, denoted on the ordinate as 1P (2P, 3P, … ) or 6P. The first measured 
condition, presented in the left-most lane, was designed to determine the extent of 
rhodopsin phosphorylation that is present in dark-adapted retinae. The data show that 
only unphosphorylated rhodopsin (0P) is present in dark-adapted retinae; a result that is 
consistent with previous investigations (Kennedy et al., 2001; Ramulu et al., 2001; Lee et 
al., 2010). The four lanes to the right illustrate the extent of rhodopsin phosphorylation 
following exposure to bright light and the time-course of rhodopsin dephosphorylation in 
subsequent darkness. Rhodopsin phosphorylation was measured from these 70% 
bleached retinae following 0, 60, 120, and 180 minutes of incubation in darkness. The 
data show that exposing these retinae to bright light result in rhodopsin phosphorylation. 
This is evident by the multiple bands in each of these lanes. Moreover, the data show that 
bleached rhodopsin can have up to 6 attached phosphates; one at each of the three serine 
and three threonine residues on the C-terminus of opsin. These experiments were 
repeated (n ≥ 3), and the data was quantified using ImageJ to control for differences in 
sample loading (quantification data not shown). The extent of rhodopsin phosphorylation 
in all of these bleached samples was statistically indistinguishable from each other. Thus, 
the data show that there is no detectable change in rhodopsin dephosphorylation with 
increasing the duration of dark incubation. These results demonstrate that rhodopsin 
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dephosphorylation is substantially attenuated by isolation of the retina. A control 
experiment, shown on the right side of Figure 3.1, was performed on a 70% bleached 
GRK1-/- retina; a model in which rhodopsin kinase has been genetically knocked out. 
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Figure 3.1: IEF measurements of rhodopsin phosphorylation in dark adapted and 
bleached isolated WT retinae. In these IEF measurements, rhodopsin molecules 
segregate based on the number of attached phosphate (see methods Chapter). The total 
number of bound phosphates is indicated on the right side of these gels, and can range for 
0 attached phosphates (0P) to 6 attached phosphates (6P). Retinae were either dark 
adapted (left-most lane) or 70% bleached over the course of 160 seconds (in all 
remaining lanes). The bleached retinae were incubated in darkness as indicated prior to 
IEF measurements. A bleached Grk1-/- retina, which is devoid of the rhodopsin kinases 
was used as a negative control.  
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Rhodopsin Phosphorylation in Bleached In Vivo Retinae 
 Rhodopsin phosphorylation was also measured from intact eyes from living 
animals. The results presented in Figure 3.2 were obtained from either dark-adapted 
retinae, or from retinae that were bleached by exposing the eye of living (in vivo) animals 
to light. The exposure to light bleached 90% of the visual pigment. These animals were 
then allowed to dark-adapt and the retinae were removed at indicated time points (see 
Methods). Comparison with the results in Figure 3.1 reveal that rhodopsin 
dephosphorylates within the living mouse, and that it is essentially complete after 3 hours 
of dark adaptation. It can be seen that no signals were detected from the 3P, 4P, 5P, and 
6P bands from IEF samples after 180 minutes of in vivo dark adaptation. The experiments 
in Figure 3.2 are not novel (Ohguro et al., 1995; Kennedy et al., 2001; Lee et al., 2010), 
but were designed to facilitate a comparison of rhodopsin dephosphorylation as it takes 
place in bleached intact in vivo retinae or in ex vivo bleached isolated retinae. For clarity, 
it is important to reiterate that IEF measurements can not distinguish between 
phosphorylated opsin and phosphorylated rhodopsin, since the visual pigment must be 
regenerated before being placed on the IEF gel. 
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Figure 3.2: IEF measurements of rhodopsin phosphorylation from in vivo retinae.  
Rhodopsin phosphorylation was measured in retinae that were either dark-adapted (Dark) 
or exposed to 500 nm light for 230 seconds in order to bleach 90% of the visual pigment. 
Animals with bleached retinae were subsequently returned to darkness to dark adapt for 
the indicated periods of time before they were sacrificed and their retinas extracted and 
frozen for IEF analysis. In these gels, rhodopsin molecules segregate based on the 
number of bound phosphates as indicated on the ordinate on the right. 
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Rhodopsin Phosphorylation in Regenerated Ex Vivo Retinae 
 The results presented in Figure 3.1 show the suppression of rhodopsin 
dephosphorylation in bleached isolated retinae, while the results in Figure 3.2, illustrate 
the normal course of dephosphorylation that occurs in vivo. One obvious difference 
between theses preparations is that 11-cis retinal was absent in ex vivo preparations, and 
that it was supplied to in vivo retinae naturally via the RPE. Since the isolated retina is 
not in contact with the RPE and no exogenous 11-cis retinal was supplied, it was 
important to determine whether visual pigment regeneration is required before rhodopsin 
dephosphorylation can occur. I elected to repeat these experiments on Gnat2-/- mice in 
which 11-cis retinal was exogenously supplied. Gnat2-/- retinae were used since this 
allowed me to perform a parallel set of electrophysiological experiments on retinae where 
the cone electrical responses were absent (presented below in ERG Recordings from Dark 
Adapting Isolated Retinae). IEF measurements of rhodopsin phosphorylation were 
performed on dark-adapted and bleached isolated Gnat2-/- retinae, as shown in Figure 3.3. 
The results presented in the left lane of Figure 3.3, show the phosphorylation profile in 
dark-adapted retina. IEF measurements confirm that rhodopsin in these retinae exists in 
the unphosphorylated state, as expected. The IEF data shown in the right most lanes 
illustrate the time course of dephosphorylation observed subsequent to a bright bleach 
following 0 min, 100 min, 160 min and   
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Figure 3.3: IEF measurements of rhodopsin phosphorylation in bleached Gnat2-/- 
rods during dark adaptation with 11-cis retinal. (From left to right): Rhodopsin 
phosphorylation was measured from dark-adapted retinae (Dark) and retinae that were 
exposed to 500 nm light for 219 s in order to bleached 50% of the visual pigment. A 
subset of bleached retinae were incubated at 35 ± 1 °C with 11-cis retinal for either 60, 
120, or 180 minute in darkness, then subsequently measured with ERG, and flash frozen 
for IEF analysis as indicated at 100, 160, or 220 minutes, respectively. In these IEF gels, 
rhodopsin molecules segregate based on the number of bound phosphates as indicated on 
the ordinate on the right. 
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220 min of dark incubation. These results are comparable to those presented in Figure 
3.1, however for these experiment, the bleach fraction was reduced to 50% because some 
mouse strains are not tolerant to bleaches in excess of 50% (Nymark et al., 2012). 
 
Quantification of Rhodopsin Phosphorylation 
 Results in Figures 3.2 and 3.3 were confirmed by multiple observations (n ≥ 3). 
The IEF gels from different experiments were digitally scanned and the data was 
quantified using ImageJ (see Methods). Data presented in Figure 3.4 shows the quantified 
levels of rhodopsin phosphorylation measured during dark adaptation following light 
exposure. These measurements were made from bleached isolated (ex vivo) Gnat2-/- 
retinae, or from bleached (in vivo) retinae obtained from living WT mice. Each figure 
shows the fractional distribution of rhodopsin phosphorylation. The ordinate for the plots 
shown in Figure 3.4 is labeled from 0P to 6P; the number preceding each P denotes the 
number of attached phosphates, such that 0P represents the fraction of rhodopsin in the 
unphosphorylated state, whereas phosphorylated rhodopsin is labelled from 1P-rhodopsin 
(1P) to 6P-rhodopsin (6P). On the abscissa of each plot is the fraction of total rhodopsin. 
The data obtained from ex vivo retinae (top panel of Figure 3.4), clearly shows that 
rhodopsin phosphorylation remains virtually unchanged regardless of the time spent 
incubating in darkness in the presence of 11-cis retinal. Moreover, there is no discernible 
redistribution of phosphorylated species of bleached rhodopsin, indicating that rhodopsin 
phosphorylation appears neither to increase nor decrease as a function of time. The 
distribution remains essentially unchanged in darkness for periods up to 220 minutes. 
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This is in contrast to the data obtained from in vivo retinae (bottom panel of Figure 3.4) 
that show a clear gradual decline of phosphorylated bleached rhodopsin subspecies with 
time. This latter result is again consistent with reports that document the normal time 
course of rhodopsin dephosphorylation that takes place under normal in vivo conditions 
(Kennedy et al., 2001; Ramulu et al., 2001; Lee et al., 2010). 
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Figure 3.4:  Quantification of rhodopsin dephosphorylation extracted from IEF gel 
measurements of bleached in vivo and ex vivo mouse retinae. In vivo bleaching was 
performed by direct projection of 500 nm light into the eye of anesthetized mice. Ex vivo 
bleaching was performed by projection of light on retinae that were isolated from the 
RPE and placed in Ames solution in a small plastic Petri dish. Dark-adapting ex vivo 
(Gnat2-/-) retinae that were supplied with (exogenous) 10 µM 11-cis retinal and dark-
adapting in vivo retinae (endogenously supplied 11-cis retinal). Each plot graphically 
shows the distribution of rhodopsin phosphorylation (from 0P to 6P) on the ordinate, as a 
fraction of total rhodopsin (abscissa) at selected time points. (Top): Plots from IEF gels 
prepared from isolated retina preparations of Gnat2-/- mice in 4 different conditions (left 
to right): 50% bleached retinae (N = 3), 50% bleached retinae incubated in darkness with 
10 µM 11-cis retinal for 60 min (measured at 100 min, N = 4), for 120 (measured at 160 
min, N = 7), and 180 min (measured at 220 min, N = 6). The band intensities from IEF 
gels were quantified and analyzed using ImageJ. (Bottom): Plots of IEF gel data derived 
from retinae of living WT animals in 5 different conditions (left to right): animals 
bleached (90%) and then sacrificed after 0 min in darkness (N = 4), sacrificed after 30 
min in darkness (N = 4), sacrificed after 60 min in darkness (N = 4), sacrificed after 120 
min in darkness (N = 4), or sacrificed after 180 min in darkness (N = 4). Data presented 
as means ± S.D. Representative IEF data from the top and bottom panel can be found in 
Figures 3.3 and 3.2, respectively. 
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Figure 3.5 plots the average fraction of phosphorylated rhodopsin (P-rhodopsin) 
as a function of time. In vivo determinations were made from wild type retinae that had 
been bleached by 90%. Ex vivo determinations were made on isolated Gnat2-/- retinae that 
were bleached by 50%. Over the course of 180 minutes, bleached in vivo retina 
experienced rhodopsin dephosphorylation (red triangles).  The average decline (indicated 
by the red line) approached 80% over 180 min. In contrast, IEF data representing average 
results from isolated retinae (black squares) showed no such decline. The black straight 
horizontal line drawn at 0.5 is not fitted to the data, but simply indicates that the retinae 
had been exposed to light that bleached 50% of the rhodopsin. Though this line appears 
superficially to provide a reasonable fit to the data, we observed that a linear regression 
of the data (not shown) would indicate a slight trend of dephosphorylation over 220 min. 
However, this fit not was not significantly different from the horizontal line 
demonstrating no dephosphorylation (P = 0.248). 
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Figure 3.5: Decreased fractional phosphorylation of rhodopsin in dark-adapting 
retinae. Fractional phosphorylation of opsin plotted vs time after bleaching in isolated ex 
vivo retinae (black squares) or in retinae bleached in vivo (red triangles). The data points 
were calculated from Figure 3.4. For each condition, signals from 1P to 6P were summed 
and divided by signals from all bands (0P to 6P) to obtain the fraction of phosphorylated 
rhodopsin in that sample. Data reported as Mean ± S.D. Red line was fitted to triangles 
by method of least squares using the linear function Ptotal = -0.004t + 0.91. Black 
horizontal line is fixed with a slope of 0 and an offset of 0.5. 
  
	  	  
79 
Measurements of Rhodopsin Phosphorylation under Modified Conditions 
The observation that rhodopsin dephosphorylation is severely diminished in 
isolated retinae is perplexing. Additional experiments were performed to test whether this 
inhibition of rhodopsin dephosphorylation persists under a wide variety of experimental 
conditions. The results from these experiments are presented in Figure 3.6. The data in 
Figure 3.6A shows that incubating 70% bleached isolated retinae with BSA, BSA and 11-
cis retinal, or at reduced 5.6 pH had no effect on restoring rhodopsin dephosphorylation. 
Figure 3.6B similarly shows no effect on rhodopsin dephosphorylation when isolated 
retinae are bleached by 70% using different light intensities. Next, Figure 3.6C shows 
measurements made from 50% and 70% bleach retinae that where cut into small patches 
and regenerated with 11-cis retinal for 180 minutes. No rhodopsin dephosphorylation was 
apparent. The inhibition of rhodopsin dephosphorylation was also observed when the 
RPE was still attached to the retinae, as shown in Figure 3.6D. Measurements were made 
from 50% bleached isolated retinae in the presences of 11-cis retinal and 
interphotoreceptor retinoid binding protein (IRBP), as shown in Figure 3.6E. 
Superficially, it would appear that IRBP did promote rhodopsin dephosphorylation. 
However after the data was quantified, it appeared that IRBP did not have any affect on 
rhodopsin dephosphorylation. Therefore, it was concluded the bands in Figure 3.6E were 
faint due to low sample loading. Finally, Figures 3.6F and 3.6G respectively show 
measurements performed on bleached isolated retinae what were incubated with 0.013 
g/L EDTA to lower extracellular calcium, or when 8 mM CaCl2 was added to the 
superfusate.  
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Figure 3.6: IEF measurements of rhodopsin phosphorylation from treatment 
conditions. The gels show rhodopsin segregation based on the total number of attached 
phosphates as indicated in the right side of each series of gels. For each of the conditions, 
the tissue was maintained at 35 ± 1 °C. A: IEF gels measured after incubation in different 
conditions as indicated in the panel. The retinae were either dark adapted (left most lane) 
or bleached 70% and incubated in Ames medium in darkness for 180 min. As indicated, 
some samples contained BSA, BSA and 11-cis retinal, or were buffered with HEPES to 
lower the pH to 5.6. B: IEF measurements from 70% bleached isolated retinae that were 
bleached at the indicated rates and incubated in darkness for 180 minutes. C: IEF gels of 
retinae that were bleached 50% or 70%, chopped and then incubated in Ames medium 
containing 11-cis retinal in darkness for 180 min. D: Eyecups containing both retina and 
the RPE that were bleached as indicated and incubated in darkness for 180 minutes. E: 
IEF gels of retinae that were bleached 50% and then incubated in Ames medium 
containing interphotoreceptor retinoid binding protein (IRBP) and 11-cis retinal in 
darkness for 180 min. F: IEF gels of retinae that were dark-adapted or bleached as 
indicated and then incubated in Ames medium containing 0.013 g/L EDTA in darkness 
for 180 min. G: IEF gels of retinae that were bleached as indicated and then incubated in 
Ames medium containing an extra 8 mM CaCl2 (for a total of 10.3 mM of Ca2+) in 
darkness for 180 min. 
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 These results are novel and robust. Rhodopsin dephosphorylation is significantly 
inhibited under conditions that are routinely used in convectional biochemical and 
electrophysiological conditions. Furthermore, Table 3.1 shows that rhodopsin 
phosphorylation follows a predictable pattern for each bleaching condition as indicated 
by the Trend column. 
 
 
Table 3.1: Rhodopsin phosphorylation in bleached isolated retinae 
Retinae were bleached by 20% (n = 4), 50% (n = 6), or 70% (n = 3) and allowed to 
incubate in Ames medium at 35 ± 1 °C for 3 hours prior to IEF analysis. Each row 
represents the extent of rhodopsin phosphorylation when isolated retinae were exposed to 
light in order to bleach 20%, 50%, or 70% of the visual pigment. A scatter plot was 
constructed for each row (data not shown), where the percentage of P-Rho was plotted 
against the bleach percentage. Each row of data was fit with a linear function. An 
extrapolation of these fits uncovered a trend that predicts the distribution of rhodopsin 
phosphorylation when 100% of the visual pigment is bleached. Data reported as Mean ± 
S.D. † Oversaturated data point, value calculated. 
 
Rhodopsin Dephosphorylation in Physiological Conditions 
The isotonic, nutrient rich “physiological” solutions that are typically used for 
biochemical and electrophysiological experiments do not completely mimic the 
conditions that are observed in the eyes of living animals. For instance, 
 
# of bound phosphates 20% Bleach 50% Bleach 70% Bleach Trend (100% Bleach) 
 
6P-Rho   2.7 ± 0.6 5.8 ± 0.7 8.2 ± 1.9 11.6 
5P-Rho   2.8 ± 0.3 6.3 ± 0.7 8.7 ± 1.3  12.3 
4P-Rho   2.0 ± 0.2 5.6 ± 0.6 8.5 ± 1.8 11.5 
3P-Rho   2.1 ± 0.1 6.1 ± 0.7 11.5 ± 1.3 14.5 
2P-Rho   3.7 ± 1.2 7.0 ± 0.8 16.9 ± 0.7 20.3 
1P-Rho   6.6 ± 0.5 15.7 ± 3.0 20.7 ± 2.8 29.7 
0P-Rho   80.1 [%]† 53.1 ± 5.1 [%] 25.2 ± 0.3 [%] 0 [%] 
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electrophysiological experiments are usually performed under conditions of high oxygen 
tension. Therefore, experiments in this dissertation employed the use of 95% O2 /5% CO2 
gas mixtures. However, a number of studies have shown that the oxygen tension 
surrounding the photoreceptors in the retina is substantially lower, ranging between 10-
30% (Cringle et al., 2002; Yu and Cringle, 2006; Birol et al., 2007; Lau and Linsenmeier, 
2012). In addition, photoreceptor cells of the mammalian retina utilize aerobic glycolysis 
due to their high metabolic demand (MacGregor et al., 1986; Adler and Southwick, 1992; 
Hurley et al., 2015). This results in high levels of L-lactate in the interphotoreceptor 
matrix. This lactate is taken up and used as fuel by Müller cells (Lindsay et al., 2014; 
Hurley et al., 2015). I wanted to test if adding lactate or if lowering the oxygen tension 
would affect rhodopsin dephosphorylation in bleached isolated retinae, since these 
changes would more accurately mimic in vivo conditions. Therefore rhodopsin 
phosphorylation was measured from 70% bleached isolated retinae that were incubated at 
35 ± 1 °C with 4.0 mM Na L-lactate and 10 μM 11-cis retinal. These results are shown in 
Figure 3.7A. Likewise, another set of experiments was performed with Ames medium 
(that did not contain lactate) under conditions of lower oxygen tension. Lower oxygen 
tension was achieved by saturating the solution with a 20% O2 / 75% N2 / 5% CO2 gas 
mixture, which did not change the pH (data not shown). The results from these lower 
oxygen tension experiments are presented in Figure 3.7B. The data shows that L-Lactate 
promoted rhodopsin dephosphorylation in isolated retinae. Likewise, a modest and 
statistically significant effect on rhodopsin dephosphorylation was observed when the 
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oxygen tension was lowered. These results suggest that metabolic processes are critical in 
promoting rhodopsin dephosphorylation. 
 The molecular mechanisms that regulate rhodopsin dephosphorylation remain to 
be discovered. Further studies will need to be conducted to determine why rhodopsin 
dephosphorylation is blunted in isolated retinae when the oxygen tension is high, and 
why rhodopsin dephosphorylation is partially restored when the oxygen tension is 
lowered or when L-lactate is provide in the superfusate. However, in order to test my 
hypothesis, which states that dephosphorylation of regenerated rhodopsin is required for 
the recovery of sensitivity during dark adaptation, I exploited my finding that incubating 
isolated retinae in solutions with high oxygen tension hindered rhodopsin 
dephosphorylation.  
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Figure 3.7: IEF measurements of rhodopsin phosphorylation from isolated retinae 
that were incubated with L-Lactate or 20% oxygen tension. A: Retinae were 
incubated in Ames medium containing 4 mM Na L-lactate, 70%	   bleached	   over	   the	  course	   of	   160	   seconds and immediately frozen (0 min) or frozen after incubated in 
darkness with 10 μM 11-cis retinal for 60 or 180 min. For each lane, signals from 1P to 
6P were summed and divided by signals from all bands (0 to 6P) to obtain the fraction of 
phosphorylated rhodopsin in that sample. The phosphorylated rhodopsin fraction 
measured at 0 min was 0.72 ± 0.04 (N = 8), corresponding well to the estimated 70% 
bleach, and 0.71 ± 0.07 (60 min, N = 4) and 0.44 ± 0.06 (180 min, N = 4). These values 
were subjected to one-way ANOVA. The p-value for one-way ANOVA was 1.7x10-6, 
and the p-value for Tukey HSD was p < 0.002 for both 180 min vs. 0 min and 180 min 
vs. 60 min. B: Retinae were incubated with Ames medium (without added lactate) under 
20% O2/5% CO2/75% N2 and then bleached and incubated in darkness as described in A. 
The total fraction of phosphorylated rhodopsin was 0.72 ± 0.04 (0 min, N = 8), and 0.73 
± 0.02 (N = 4) for 60 min, and 0.64 ± 0.05 (N = 4) for 180 min. The one-way ANOVA 
showed a p-value of 0.0049. This was followed by Tukey HSD test, which showed a 
significant difference between 180 min vs. 0 min and 180 min vs. 60 min (p < 0.01 for 
both comparisons).   
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Microspectrophotometry 
It would be a benefit to the reader to recapitulate the results that have been 
presented up until now. The data have demonstrated that exposing isolated retina to light 
results in the phosphorylation of the rhodopsin. Rhodopsin in these isolated retinae does 
not dephosphorylate (unless given L-lactate or unless the oxygen tension us reduced). In 
Figure 3.3, I have suggested, without proof, that the visual pigment was regenerated by 
incubating the bleached retinae with 11-cis retinal. The results to follow were designed to 
determine whether phosphorylation of opsin impacts pigment regeneration. I performed 
microspectrophotometric (MSP) recordings of the visual pigment on patches of rods from 
isolated retinae using the same conditions that were used for IEF experiments. The 
experiments involved measuring the absorbance from bleached isolate retinae.  In the 
first set of experiments, presented in Figure 3.8, I bleached the retinae on the MSP 
sample stage. Afterwards these retinae were given 60 minutes for the metarhodopsin 
photoproducts to decay (data not shown). At this point, 10μM 11-cis retinal was added to 
the recording chamber. Figure 3.8A shows absorbance spectra from a representative 
retina when dark-adapted (black), 50% bleached (red), and regenerated with 11-cis retinal 
(blue). This data shows that dephosphorylation of opsin was not required for the 
regeneration of the visual pigment. Furthermore, it demonstrates that all of the visual 
pigment is regenerated when bleached isolated retinae are incubated on-stage with 11-cis 
retinal.   
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Figure 3.8: MSP measurements of visual pigment regeneration from phosphorylated 
opsin. A: MSP absorbance was measured from dark-adapted isolated retinae (black), 
following a 50% bleach (red), and after 40 minutes of incubation with 10 μM 11-cis 
retinal. B: A representative recording of the visual pigment regeneration process as a 
function of time spent incubating with 11-cis retinal. In these recordings, pigment 
regeneration was monitored by recording the increase in optical density (OD) at 500 nm. 
The data was fit using a single saturating exponential function with a time constant of 9.1 
± 0.5 min (Mean ± S.E.; n=5). Dark adapted MSP spectra were recorded at 35 ± 1 °C. 
Following light exposure (that bleached the visual pigment) the retinae were maintained 
at this temperature for 60 minutes and the spectra at the end of this time period was 
recorded. Afterwards, the perfusion system was disengaged, and the retinae were allowed 
to cool down to room temperature (25 ± 1 °C) for 10 minutes. Once at room temperature 
11-cis retinal was injected into the recording chamber. After 40 minutes of incubation, 
the perfusion system was restarted. The superfusate washed the retinae (to remove excess 
retinoid) and heated the tissue back to 35 ± 1 °C, were the final spectra were recorded. 	  
 Next, I needed to perform a set of experiments to confirm that my off-stage 
incubation system facilitates the regeneration of the visual pigment in bleached isolated 
retinae. From this experiment I performed measurements on two different groups: one set 
of measurements on 50% bleached retinae that were incubated in darkness for 180 
minutes, and another set of 50% bleached retinae that were incubated with 10 μM 11-cis 
retinal in darkness for 180 minutes. These results are presented in Figure 3.9 A and B, 
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respectively. Plotted in Figure 3.9A are absorption spectra taken from a cluster of rod 
outer segments located along the cut edge of a piece of isolated retina which had been 
50% bleached and then incubated in darkness for 3 hours in the incubation chamber. 
Afterwards the retinae were transferred to the MSP stage. Spectrum 1 (blue) is the 
absorbance spectrum recorded from a 50% bleached retinae. Next, I regenerated the 
visual pigment by superfusing the retinae with 10μM 11-cis retinal on the sample stage. 
After 40 minutes of incubation the regenerated visual spectrum was recorded (spectrum 
2, black). Next, I bleached >99% of visual pigment, and subsequently recorded the 
spectrum (spectrum 3, pink). As expected, the peak absorbance of spectrum 1 
corresponds to a 50% bleach (see Methods and Figure 2.2). Spectrum 3 is likewise 
consistent with having bleached >99% of rhodopsin at the end of the experiment. The 
observation that spectrum 2 has approximately twice the optical density (OD) of 
spectrum 1 confirms that the visual pigment was completely regenerated. This claim is 
also supported by the data presented in Figure 3.8. This data is proof that opsin 
dephosphorylation is not needed in order to regenerate the visual pigment. However, one 
question still remained. Does adding 11-cis retinal to the incubation system used for IEF 
experiments promote pigment regeneration in bleached isolated retinae? Spectrum 4 
illustrated in Figure 3.9B was measured 3 hours after an isolated retina had been bleached 
and incubated with 11-cis retinal. The peak absorbance of this spectrum is similar to 
measurements made from dark adapted retinae. This would suggest that all of the visual 
pigment had been regenerated. To confirm this, these retinae were incubated again with 
11-cis retinal that was added to the superfusate. Spectrum 5 (black) shows no additional 
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increase in absorbance, and thus confirms that the visual pigment can be regenerated in 
the incubation system. The total amount of rhodopsin in this sample was evaluated by 
bleaching >99% of the visual pigment, as shown in spectrum 6 (pink). Figures 3.8 and 
3.9 also confirm that phosphorylated opsin can be regenerated with 11-cis retinal. This 
observation is consistent with a recent report utilizing carp photoreceptors (Yamaoka et 
al., 2015). It is noteworthy that the spectrum of phosphorylated rhodopsin is very similar 
to that of native rhodopsin. This is indicated by comparisons of the MSP traces in Figures 
3.9A and 3.9B, with the cyan solid curve calculated for an ideal solution of rhodopsin 
(Govardovskii et al., 2000). 
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Figure 3.9: Microspectrophotometric (MSP) absorbance spectra of bleached and 
regenerated WT (C57BL/6) retinae. A: Absorbance spectra of a retina that had been 
bleached 50% (spectrum 1, blue), then treated with 11-cis retinal on the stage of the MSP 
for 40 min (spectrum 2, black), and finally after exhaustive bleach (spectrum 3, pink). 
The cyan trace is a normalized rhodopsin spectrum (Govardovskii et al., 2000) calculated 
at λmax = 503 nm, ODα = 0.47. B:  Trace 4 (green) shows an absorbance spectrum of a 
retina that had been bleached 50% and incubated for 3 hours with 10 µM 11-cis retinal in 
darkness in a light-tight incubation container.  Spectrum 5 (black) shows the absorbance 
from the same preparation following 40 min additional exposure to solution containing 
10 µM 11-cis retinal on the stage of the MSP.  Spectrum 6 (pink) shows absorbance 
following an exhaustive bleach (>99%). The cyan trace is a fitted rhodopsin template 
(λmax = 503 nm, ODα = 0.50). The optical density at 380 nm can be larger than the 
template due to lipid bound excess 11-cis retinal in the rod outer segments. In solution (or 
when bound to lipids) 11-cis retinal has an absorbance peak at 380 nm. All experiments 
were repeat with an N ≥ 3.  
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Photosensitivity of Phospho-Rhodopsin 
In addition to making spectral measurements of phosphorylated rhodopsin, I also 
compared the molecular photosensitivity of cells containing 100% rhodopsin and 90% P-
rhodopsin with MSP. The purpose of these experiments was to determine if 
phosphorylation of opsin altered the spectral properties of regenerated rhodopsin. I 
performed MSP recordings from cells that contained either 100% rhodopsin or 90% P-
rhodopsin. Here, the method was to observe the fractional change in the optical density 
that occurred after light exposures to the calibrated bleaching light. From these data, the 
fraction of the bleached rhodopsin, F, was determined and the photosensitivity p was 
calculated from equation (2.1). The measured photosensitivities for 100% rhodopsin and 
90% P-rhodopsin were (6.0 ± 1.3) × 10-9 µm2 photon-1 and (6.7 ± 1.2) × 10-9 µm2 photon-1, 
respectively. The two measured photosensitivities are statistically indistinguishable from 
each other (t-test: t = 0.73, p = 0.49) and are very similar the previously determined 
photosensitivity for mouse rhodopsin of 5.7 × 10-9 µm2 (Woodruff et al., 2004). 
ERG Recordings from Dark Adapting Isolated Retinae 
IEF measurements demonstrated that bleached rhodopsin in isolated retinae can 
remain persistently phosphorylated even when incubated in darkness with 11-cis retinal 
for extended periods. In addition, MSP experiments indicated that rhodopsin was 
completely regenerated when combined with exogenous exposure to 11-cis retinal. I now 
sought to determine how persistent rhodopsin phosphorylation affected dark adaptation 
and the recovery of flash sensitivity. The approach involved tracking the recovery of 
flash sensitivity using whole retina ERG recordings from Gnat2-/- mice. ERG recordings 
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were directly correlated with IEF results (presented earlier in Figures 3.3 and 3.4) by 
measuring the flash responses and then subsequently freezing the retinae for IEF analysis 
to determine the extent of rhodopsin phosphorylation. Figure 3.10 shows representative 
ERG response families measured under several different conditions. The upper-left panel 
of Figure 3.10 shows a response family from a dark-adapted retina. This can be compared 
to the panel to the right that shows a similar set of measurements made from a retina that 
was 50% bleached, and incubated in darkness for 60 minutes. Three differences existed 
between the dark-adapted and bleached response families. First, the maximum response 
amplitude is significantly diminished in the bleached retinae. Second, when comparing 
responses that have similar normalized amplitudes, the waveforms rise and fall at an 
accelerated rate in the bleached retinae. Finally, the bleached retina is less sensitive to 
dim flashes (red traces). The families shown at lower left and lower right illustrate the 
changes in rod sensitivity, which occur when bleached rhodopsin is regenerated. These 
families were measured 120 and 180 minutes into dark-adaptation, respectively.   
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Figure 3.10: Transretinal electroretinograms (ERGs) demonstrating the recovery of 
flash sensitivity in Gnat2-/- mouse rods having persistent rhodopsin phosphorylation. 
Response families of isolated a-waves from a dark adapted retina (upper-left); from a 
retina that was bleached 50% and incubated in darkness for 60 min (upper-right); and 
from a retina that was bleached (50%) and incubated in darkness for 120 min (lower-left) 
or 180 min (lower-right) in 10 µM 11-cis retinal. Red traces in each response family were 
measured at the same flash intensity. DL-AP4 and Ba2+ were added to the superfusate in 
order to isolate rod photoreceptor (a-wave) responses (see Methods). Flash stimuli was 
presented at zero seconds, and the retinae were incubated and recorded at 35 ± 1 °C. 
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Response amplitudes measured after 120 minutes of exposure to 11-cis retinal were 
significantly reduced when compared against the dark-adapted family. Next, I examined 
the response families after 180 minutes of incubation, in which the bleached retina started 
to appear as if they were never exposed to light. Under these conditions the response 
amplitudes on average do not differ from those observed under dark-adapted conditions, 
and the activation and deactivation of the photoresponses also appears to have been 
slowed and are similar to those observed in dark-adapted retinae. It is important to 
emphasize that these rods contain half of their visual pigment in the non-phosphorylated 
ground state, and the other half of the visual pigment is phosphorylated.  
Dark adapted rod photoreceptors are physiologically responsive to very low light 
intensities. If these bleached isolated retinae have properly dark adapted, then these rods 
should also be responsive to low light intensities. In order to evaluate the response 
families further, I examined the ERG response kinetics when stimulated with flashes of 
very dim light. At these very low light intensities, rod response amplitudes scale linearly 
with the number of detected photons. Presented in Figure 3.11 are the averaged dim flash 
responses from each experimental condition. In Figure 3.11A, the average traces from 
multiple retinae (under identical conditions) where combined into a single trace each. All 
of these responses where picked from the linear response range. Dim flash responses 
were measured for dark adapted retinae (black), 50% bleached (pink), and (50%) 
bleached and incubated with 11-cis retinal  for 60 (orange), 120 (green), or 180 minutes 
(blue). The black, green, and blue traces were all measured using the same light intensity, 
whereas more light was needed to invoke the pink and orange responses. What this data 
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shows is that the photovoltage is nearly identical between the dark-adapted and the 
bleached retinae that were incubated for 180 minutes in 11-cis retinal; a condition in 
which 50% of rhodopsin is phosphorylated. In addition, the data shows that there is a 
substantial increase in the photovoltage between 120 and 180 minutes of incubation. In 
order to facilitate a direct comparison between all conditions, the traces were normalized 
by dividing by the absolute value of their peak photovoltage (and smoothed to remove 
20Hz acquisition noise) as shown in Figure 3.11B. These normalized traces show that 
bleaching the retina results in the acceleration of the photoresponses. Furthermore, the 
data indicates that over the course of 180 minutes, the dim flash response kinetics 
progressively slow and begin to look more dark-adapted. These traces were further 
analyzed to determine the response time–to-peaks, and the recovery time constants was 
fit to the falling phase, which are both presented in Table 3.2. The time-to-peak results 
suggest that the bleached retinae have dark adapted after 180 minutes of incubation. 
Collectively, Figure 3.10 and Table 3.2 show that dark adaptation occurs in the rods of 
bleached isolated retinae, despite the fact that half of rhodopsin is pre-phosprylated prior 
to photoactivation. 
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Figure 3.11: Dim flash responses recorded during ERG experiments.  A: ERG dim 
flash responses from a dark-adapted retinae (black trace, N = 6, 42 responses), 50% 
bleached retinae (pink trace, N = 6, 42 responses), and retinae that had been bleached 
50% and incubated with 10 µM 11-cis retinal in darkness for 1 (orange trace, N = 6, 42 
responses) 2 (green trace, N = 8, 56 responses), or 3 hours (blue trace, N = 7, 49 
responses). The pink, and orange traces were measured with a flash intensity that was 
3.16 fold higher than the light intensity used to elicit the responses in the black, blue and 
green traces. B:  Normalized filtered dim flash responses from A. 
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Table 3.2: Dim flash ERG response kinetics  
Dim flash response properties from whole retina ERG mouse rods. ERGs were recorded 
in dark-adapted retinae (N = 6, 42 responses), 50% bleached retinae (N = 6, 42 
responses), and retinae that had been bleached 50% and incubated with 10 µM 11-cis 
retinal in darkness for 1 (N = 6, 42 responses) 2 (N = 8, 56 responses), or 3 hours (N = 7, 
49 responses). The recovery time constant was fit to the recovery phase of the waveform, 
and characterizes this phase after the responses recover 20% from maximum. This data 
should be taken with a bit of caution. There are potential sources of data artifacts that 
affect the reliability of ERG data. A detailed account of the artifacts is given in the text 
(in section Singe Cell Measurements of Sensitivity and Flash Response Kinetics below). 
 
 Further analysis of the data was possible by constructing intensity-response 
families (IRF) for each dataset. Presented in Figure 3.12 are mean response families from 
these experiments. Here, the averaged dark-adapted IRF (black squares) is plotted 
together with the average IRFs for 50% bleached retinae (pink circles), and 50% bleach 
retinae that were regenerated (with 11-cis retinal) for 60 min (orange triangles), 120 min 
(green diamonds), and 180 min (blue squares). Figure 3.12 demonstrates how bleaching 
the visual pigment in the retinae reduces the rods sensitivity to light. When bleached 
retinae are incubated for 1-2 hours, we see a marginal increase in the visual threshold for 
detection. However, there is an insignificant increase the saturating photovoltage (p = 
0.98). However, after a 3 hour incubation there is an increase in the response amplitude 
and the recorded sensitivity appears to be strikingly similar to dark-adapted retinae. 
 
Preparation    Time to Peak Recovery Constant (τrec) 
 
Dark adapted      158 ms   0.11 s-1 
 
50% Bleached 
Bleach adapted        72 ms   0.04 s-1 
60 min of dark adaptation    111 ms   0.09 s-1 
120 min of dark adaptation    133 ms   0.10 s-1 
180 min of dark adaptation    166 ms   0.14 s-1 !
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Furthermore, the IRFs from the dark-adapted retinae and the bleached retinae treated for 
180 minutes are statistically indistinguishable from each other (p = 0.93).  
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Figure 3.12: Transretinal electroretinograms demonstrating the recovery of flash 
sensitivity in Gnat2-/- mouse rods having persistent rhodopsin phosphorylation. A:  
Intensity response relations show the peak a-wave amplitude as a function of the flash 
light intensity. Each relation is fitted with a exponential saturation function: V = Vmax(1-e-
I/τ) where V is the voltage amplitude, Vmax is the voltage amplitude of the saturated 
response, I is light intensity and τ is a sensitivity fitting parameter. Data were recorded 
from dark-adapted retinae (black circles, N = 8, fit: Vmax = 324 µV, τ = 94 hν µm-2), 50% 
bleached retinas (pink triangles , N = 6, Vmax = 144 µV, τ = 1860 hν µm-2), and retinae 
that had been bleached 50% and incubated for 1 hour (N = 6, Vmax = 190 µV, τ = 297 hν 
µm-2), 2 hours (N = 8, Vmax = 174 µV, τ = 223 hν µm-2), or 3 hours (blue squares, N = 7, 
Vmax = 297 µV, τ = 102 hν µm-2). An One Way ANOVA was preformed on these data 
with a P = 2.02 x 10-6. Additionally, a Tukey test was performed and the significance 
threshold set to p ≤ 0.05. This analysis indicated that there was no significant difference 
in response amplitudes when 50% bleached retinae were compared against 50% bleached 
retinae that were incubated for either 60 or 120 minutes with 11-cis retinal. There was a 
significant difference in response amplitudes when comparing 120 and 180 minutes of 
dark adaptation. Finally, there was no statistically significant difference between dark 
adapted retinae and bleached retinae that were incubated with 11-cis retinal for 180 
minutes. B: Normalized IRF of the same data presented in panel A. The recordings were 
made at 35  ± 1 °C. Error bars are ± S.E.M. 
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Singe Cell Measurements of Sensitivity and Flash Response Kinetics 
ERG data indicates that light exposed rods will dark-adapt over the course of 3 
hours when incubated in the presence of 11-cis retinal. These observations occurred in 
spite of the fact that 50% of the visual pigment was phosphorylated. Some caution should 
be used when interpreting these results. There are some potential sources of artifacts that 
could be present in the data. For instance, the recorded photovoltages are very sensitive to 
the positioning of the measurement electrodes. These electrodes must be precisely 
positioned prior to each experiment. Additionally, it is not outside the realm of possibility 
that DL-AP4 or BaCl2 could affect the recorded electrophysiology. Finally, if a very 
small percentage of the rods died during the 180 minutes of incubation, that would result 
in reduced photovoltages. Therefore, in order to know more about the state of sensitivity 
and response kinetics under conditions of persistent rhodopsin phosphorylation, I 
conducted single cell suction electrode experiments under the same conditions used in 
IEF measurements of rhodopsin phosphorylation. These experiments have several 
advantages. For example, I can visually identify rods in wild-type retina, and the 
recordings can be performed in the absences of DL-AP4 or BaCl2. Finally, it is easy 
identify (and then discard) unhealthy cells since these undesirable cells are unresponsive 
to light. Figure 3.13A shows response families from such current recordings of rod flash 
responses in different cells under four different conditions. Response families were 
measured from dark-adapted single cells, cells that had been exposed to light that 
bleached ~50% of their rhodopsin, and from cells that contained 50% or 90% phospho-
rhodopsin (P-rhodopsin) after regeneration for 180 minutes with 11-cis retinal. Multiple 
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cells were measured in each condition. The data show that when compared against dark-
adapted cells (Figure 5.6, left), cells bleached by 50% and incubated in solution for 90 
min without 11-cis retinal (Figure 3.13A, middle left) have smaller response amplitudes 
and faster time courses for activation and deactivation. Such responses are characteristic 
of bleached rods in which the pigment has not been regenerated (Cornwall et al., 1990; 
Matthews et al., 1990; Jones et al., 1993; Cornwall and Fain, 1994; Nymark et al., 2012). 
Rods containing 50% P-rhodopsin show response families that are very similar to those 
observed under dark-adapted conditions, including normal response amplitudes and 
normal activation and deactivation rates. Furthermore, these incubated retinae do not 
exhibit any obvious light or opsin adaptation. These data can be compared to cells that 
were bleached by 90% and incubated with 11-cis retinal for 180 minutes. Despite having 
90% of the visual pigment in a phosphorylated state, these rod response families are 
generally similar to those from dark adapted rods. This includes the waveform kinetics 
and the maximum response amplitude. 
 
Average intensity response relations for each of these adaptation conditions were 
superimposed and are presented in Figure 3.13B. The response-intensity relationships 
from a dark-adapted response family and that for a cell 50% bleached and regenerated are 
again statistically indistinguishable from each other, confirming the observations from 
ERG experiments. However, the response intensity relation for cells that contained 90% 
P-rhodopsin was slightly less sensitive as indicated by the fit. In this case, the data 
illustrates that these photoreceptors are ~2-fold desensitized when compared to dark-
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adapted photoreceptors. Responses otherwise display no significant difference from those 
observed from dark adapted rods. Thus, cells containing a substantial amount of 
phosphorylated rhodopsin do not display the same effects that occur during opsin 
adaptation.  
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Figure 3.13: Suction electrode recordings demonstrating the flash sensitivity 
recovery in bleached mouse rods that have regenerated phosphorylated rhodopsin. 
A: Representative response families from a dark adapted rod (left), from a 50% bleached 
rod that was incubated in darkness for 90 min (center left), from a rod that was bleached 
50% and incubated with 10 µM 11-cis retinal in darkness for 3 hours (center right), and 
from a rod that was bleached 90% and incubated with 10 µM 11-cis retinal in darkness 
for 3 hours (right). B:  Average response-intensity relations recorded from dark-adapted 
rods (black circles, N = 8), rods that had been bleached 50% and incubated in darkness 
for 90 min (pink triangles, N = 4), rods that had been bleached 50% and incubated with 
10 µM 11-cis retinal in darkness for 3 hours (50% P-rhodopsin, blue squares, N = 10), 
and rods that had been bleached 90% and incubated with 10 µM 11-cis retinal in darkness 
for 3 hours (90% P-rhodopsin, orange circles, N = 10). Exponential saturation functions: i 
= imax(1-e-I/τ) have been fitted to the data, where i is the peak photocurrent, imax is the peak 
photocurrent of a saturating flash response, I is intensity and τ is a sensitivity fitting 
parameter. Dark-adapted, black line, imax = 12.9 ± 0.7 pA, τ = 73.8 ± 12.6 hν µm-2; 50% 
P-rhodopsin, blue line, imax = 13.8 ± 0.7 pA, τ = 81.5 ± 13.1 hν µm-2; 90% P-rhodopsin, 
orange line, imax = 12.8 ± 0.8 pA, τ = 111.0 ± 22.7 hν µm-2. The recordings were made at 
35 - 37 °C. Error bars are S.E.M.  
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Single Quantal Responses 
 
Figure 3.14: Single quantum responses (SQR) recorded from WT rods containing 
rhodopsin and phosphorylated rhodopsin. A: SQRs from rods containing rhodopsin 
(top), 50% phosphorylated rhodopsin (middle), and 90% phosphorylated rhodopsin 
(bottom). The red traces show representative SQRs that were analyzed in panels B and C 
and are shown in Figure 3.15. Insets: Mean waveform of all SQRs presented in each 
panel ± SEM. B: Total variance (black), dark variance (blue) and light induced variance 
(red) from a rod containing rhodopsin (top), 50% phosphorylated rhodopsin (middle), and 
90% phosphorylated rhodopsin (bottom).  C:  Comparison of light induced variance (red) 
and mean square response (black) from a rod containing rhodopsin (top), 50% 
phosphorylated rhodopsin (middle), and 90% phosphorylated rhodopsin (bottom).  See 
methods for details.  All recordings were made at 35 – 37 °C.   
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 In order to explore the mechanism of desensitization further, I recorded thousands 
of dim flash responses from rods that contained unphosphorylated rhodopsin, 50% P-
rhodopsin, and 90% P-rhodopsin. From these data, it was possible to calculate single 
quantal responses (SQRs) from each of these conditions (see Methods). Presented in 
Figure 3.14A are the SQRs generated from rods contained 0% P-rhodopsin (top), 50% P-
rhodopsin (middle), and 90% P-rhodopsin (bottom). The mean SQR for each of these 
conditions is shown in the inset. The data shows that SQRs generated from rods 
containing P-rhodopsin have smaller amplitudes. Likewise, 90% P-rhodopsin rods have 
smaller response amplitudes when compared against 50% P-rhodopsin rods. However, P-
rhodopsin does not appear to affect the time course of the rising phase or the falling phase 
of SQRs. In order to facilitate a further comparison of the SQR waveforms, a 
representative recording (red trace) was selected under each condition. Figure 3.14B 
shows the calculated variance (see Methods) of SQRs for each condition. Specifically, 
the total variance (black traces), the dark variance (blue traces), and the light induced 
variance (red traces) are plotted under each condition. Figure 3.14C displays the 
comparison between the light induced variance (red traces), and the mean squared 
response (black traces). Figures 3.14B and C demonstrate that the SQR waveforms are 
similar under all three conditions, albeit with different response amplitudes. These factors 
indicate that the main source of variance in these SQR recordings was induced by 
exposure of these rods to light. In other words, the variance is due to light activation of 
phototransduction. In order to compare SQRs amplitudes, the generated waveforms from 
these three conditions are plotted together in Figure 3.15A. The data show that 
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phosphorylation of rhodopsin results in decreased SQR amplitudes. An extrapolation 
from these data would suggest that P-rhodopsin has half the activation potential when 
compared to unphosphorylated rhodopsin. To support this claim, I calculated the 
activation constant under each of these conditions (see the inset of Figure 3.15A). Using 
the Pugh and Lamb (1993) model (equation 2.7), I determined the activation coefficients 
of A0% P-rho  = 4.1 s-2, A50% P-rho  = 3.3 s-2, and A90% P-rho  = 2.9 s-2. These fits would 
indicate that phosphorylation of rhodopsin reduces SQR amplitudes. These observations 
were similar to biochemical analysis of phosphorylated rhodopsin, which demonstrated 
that phosphorylated rhodopsin has a reduced ability to activate transducin (Wilden et al., 
1986; Bennett and Sitaramayya, 1988; Wilden, 1995). Additionally, in my analysis of the 
data, phosphorylated rhodopsin was treated as a homogenous population, since 1 to 2 
phosphates is sufficient to reduce rhodopsin’s ability to activate transducin by 50% 
(Mendez et al., 2000a). In Figure 3.15B, the SQRs were normalized in order to examine 
the activation and deactivation kinetics under all three conditions. It is evident from this 
representative data that the time courses for SQR activation and deactivation are similar 
under all three conditions. For additional comparison, an additional normalized response 
from a 50% bleached rod is presented in the pink trace. The bleached response has a 
faster rate of activation and deactivation when compared against SQRs from 0% P-
rhodopsin, 50% P-rhodopsin, and 90% P-rhodopsin. Presented in Table 3.3 is the analysis 
of the complete SQR dataset from each condition. The table reports the mean SQR 
response amplitude, the number of R* per flash stimulus, the SQR time to peak, and the 
mean recovery time constant that was fit to the falling phase of the SQR responses.   
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Figure 3.15: Average single quantal responses (SQR) recorded from WT rods 
containing rhodopsin and phosphorylated rhodopsin. A: Representative SQRs from a 
rod containing rhodopsin (black), 50% phosphorylated rhodopsin (blue), and 90% 
phosphorylated rhodopsin (orange). The SQRs were calculated from a series of 100 dim 
flashes per cell. Inset: Averaged, smoothed and normalized SQRs fitted with an 
activation model (Pugh and Lamb, 1993). See text for details. B: Normalized SQRs from 
A. Also shown is a normalized average dim flash response from a 50% bleached rod 
(pink). The recordings made at 35 – 37 °C. 
  
	  	  
110 
 
Table 3.3: Single quantal response (SQR) properties from single cell suction 
recordings of single mouse rods  
SQRs were recorded in dark-adapted retinae containing rhodopsin (rho, N = 8), 50% 
phospho-rhodopsin (N = 9), and 90% phospho-rhodopsin (N = 6). Values are mean ± 
S.E.M.  aR* was calculated according to Eq. 2.5. The incident light was 3.56 * 102 
photons µm-2 s-1 in all treatments. bτrec was calculated by fitting an exponential decay 
function to the falling phase of the response.  cOne way ANOVA with a Tukey test for 
means comparison. * indicate significance at the 5% level between rho and 50% P-rho, as 
well as between rho and 90% P-rho. n.s. indicate no significance. 
 
Transducin and Arrestin-1 Translocation 
 A test needed to be performed to verify whether P-rhodopsin or transducin 
translocation produced the decreases in SQR amplitudes from rods containing large 
fractions of P-rhodopsin. Transducin is known to translocate from the outer segment 
following photoexcitation of rod photoreceptors. This effect is more pronounced during 
prolonged exposure to light during light adaptation. It is known that this migration of 
transducin can affect phototransduction. During dark adaptation, transducin slowly 
recompartmentalizes back into the outer segment. Therefore, I measured transducin and 
Arr1 concentrations in isolated rod outer segment (ROS) isolated retinae that were either 
dark adapted or exposed to light that bleached 90% of rhodopsin. Bleached retinae were 
incubated in the presence of 11-cis retinal for periods of 30, 180, and 240 minutes (see 
Methods). I used western blots to visualize the amount of rod transducin (Gtα) and 
 
  Amplitude (pA)     R*a  time-to-peak (s)      τrec (s)b 
 
rho    1.50 ± 0.11       1.07 ± 0.14       0.26 ± 0.02       0.37 ± 0.05 
50% P-rho   1.02 ± 0.14       1.27 ± 0.19       0.27 ± 0.03       0.35 ± 0.05 
90% P-rho   0.81 ± 0.09       0.87 ± 0.09       0.25 ± 0.03       0.40 ± 0.06 
ANOVAc   F = 7.48; *       F = 0.82; n.s     F = 0.18; n.s.   F = 0.19; n.s. 
 !
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arrestin-1 in these ROS at these different times. Sample loading variations were 
controlled for using proteins found exclusively in rod outer segments. For example, 
Gβ5L (Keresztes et al., 2004), a component of the transducin GAP complex, is anchored 
exclusively to the outer segment compartment by R9AP (Cao et al., 2010) and was 
therefore used as our loading control (Moaven et al., 2013). On the other hand, Gβ5S, an 
isoform produced from alternative splicing of the same gene, is present in the inner 
segment and throughout retinal neurons. Gβ5S therefore serves as our quality control for 
contaminants (Watson et al., 1996). The data, presented in Figure 3.16, shows that dark-
adapted retinae have low levels of Arr1 in the outer segments, and high levels of Gtα. 
These observations are consistent with published observations (see Philp et al., 1987; 
Sokolov et al., 2002; Slepak and Hurley, 2008). However, when bleached there should be 
a substantial migration of both of these proteins; transducin moving out of the outer 
segment and Arr1 migrating into the outer segment. Quantification of the Gtα levels 
(standardized using the measured concentration of Gβ5L) shows the normalized amount 
of Gtα was 0.6 ± 0.1 (mean ± SD; N = 4) after 30 minutes of dark adaptation (where dark 
adapted data was set to 1.0). When bleached retinae were dark adapted for 180 min, Gtα 
was 0.9 ± 0.2, (N=4), and that this level was maintained at 240 min (0.9 ± 0.2, N=3). The 
data rules out the possibility that transducin translocation is responsible for the roughly 
two-fold desensitization observed in single cell experiments between dark-adapted and 
bleached retinae treated with 11-cis retinal. Furthermore, these results indicate that 
rhodopsin phosphorylation alone is responsible for this persistent desensitization and 
reduced SQR amplitudes.     
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Figure 3.16: Western blots showing transducin translocation. Retinae were either 
dark adapted or bleached 90% and then incubated in Ames medium containing 11-cis 
retinal in darkness as indicated above the lanes. Retinae were frozen and the rod outer 
segments (ROS) isolated from the remaining retina. Antibodies were used to visualize the 
amount of rod transducin (Gtα) in the outer segment. Gβ5L was used as a loading 
control. Gβ5S serves as a quality control for contaminants. A sample of whole retinal 
homogenate was carried as control.  Signal intensities were quantified using the ImageJ 
software, and the values for Gtα were normalized against that of Gβ5L. The normalized 
values for Gtα, when compared to the dark-adapted value (set to 1.0) for 30 min was 0.6 
± 0.1 and for 240 min was 0.9 ± 0.2, (mean ± SD, N=3). 
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CHAPTER FOUR: DISCUSSION 
 
Throughout the course of my research, I made several novel observations that are 
presented in this dissertation. First, I was able to use isoelectric focusing (IEF) 
immunochemistry to show a broad range of conditions that severely diminished 
rhodopsin dephosphorylation in retinae that were isolated from the eyecup and retinal 
pigment epithelium (RPE). These conditions are identical to those commonly used in 
electrophysiological and biochemical experiments. I also discovered that rhodopsin 
dephosphorylation was substantially restored when the incubation conditions were 
modified to more accurately represent physiological conditions. I exploited these 
observations to determine the mechanistic relationship between rod dark adaptation and 
rhodopsin dephosphorylation. I performed Microspectrophotometry (MSP) recordings 
that determined that incubating bleached retinae for three hours with 11-cis retinal was 
sufficiently long enough to permit regeneration of 100% of the bleached pigment. Under 
similar conditions, I performed electroretinogram (ERG) measurements that showed there 
was a complete recovery in sensitivity after three hours of pigment regeneration. Since a 
small changes rod in sensitivity can not be resolved from ERG recordings, I subsequently 
made single cell suction electrode recordings that indicate a slight desensitization in dark 
adapted retinae that contain phosphorylated rhodopsin. Single quantal response (SQR) 
measurements shown in Figures 3.13, 3.14, 3.15, and Table 3.3, demonstrated that 
phosphorylated rhodopsin has about half the activation potential when compared to 
unphosphorylated rhodopsin. This comparison was measured under several conditions. 
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   The central finding of my work is that mouse rods exposed to bright light 
followed by long periods of dark adaptation in the presence of 11-cis retinal contain a 
significant fraction of their rhodopsin in a phosphorylated form, which results in 
physiological responses with reduced amplitudes, but with kinetics similar to the dark-
adapted state. A model that illustrates the possible effects this has on the 
phototransduction cascade is illustrated in Figure 4.1. This model was based on several 
biochemistry experiments (Miller et al., 1986; Wilden et al., 1986; Bennett and 
Sitaramayya, 1988; Wilden, 1995; Binder et al., 1996), and is an extension of models 
from Lee et al. (2010) and Sommer et al. (2011). Furthermore, this model, and the 
discussion of data to follow, parallel arguments made in a submitted manuscript that 
documents this research. The model presented in Figure 4.1 illustrates the coexistence of 
unphosphorylated rhodopsin (R) and phosphorylated rhodopsin (R-P) within rod 
photoreceptors. The model is designed to show how these two forms of rhodopsin give 
rise to different response amplitudes. Following light activation of unphosphorylated 
rhodopsin (R* or MII), the active pigment initiates the phototransduction cascade. The 
ability of MII to activate transducin (G) is schematically represented by the two bold 
vertical arrows. MII is rapidly phosphorylated within ~100 milliseconds to form MII-P 
(Makino et al., 2003). When phosphorylated, rhodopsin has a reduced ability to activate 
transducin (as represented by a single bold arrow). Rhodopsin phosphorylation triggers 
high affinity arrestin-1 (Arr1) binding to form MII-P•Arr1 where the catalytic activity of 
the visual pigment is quenched fully. All-trans retinal is then gradually released from 
MII-P•Arr1, leaving phosphorylated opsin (Op-P•Arr1), which has  
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Figure 4.1: A model illustrating the effects of R-P on the phototransduction cascade. 
When stimulated by light, activated rhodopsin (R* or MII) interacts with the G-Protein 
transducin (G) to initiate phototransduction (indicated by two bold arrows). Rhodopsin 
Kinase (GRK1) quickly phosphorylates R* to form MII-P in a process that reduces its 
capacity to activate transducin (as indicated with only one bold arrow). Shortly thereafter, 
the catalytic activity of the MII-P is terminated through binding with Arrestin-1 (Arr1) to 
form MII-P • Arr1. Following this step, phospho-opsin (Op-P • Arr1) is hydrolyzed from 
all-trans retinal, which is recycled in the RPE (not shown). The dashed arrow indicates 
that opsin itself has very low transduction activity. Pigment regeneration occurs when 
phospho-opsin (Op-P) recombines with 11-cis retinal (supplied from the RPE) to form 
phospho-rhodopsin (R-P). Phospho-rhodopsin can either be slowly dephosphorylated by 
rhodopsin phosphatase, or reactivated by light. The latter outcome results in diminished 
activation of transducin (G). 
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diminished affinity for Arr1. Opsin has a very weak ability to activate transducin, and 
under bright bleaching conditions produces opsin adaptation. During bright light 
exposure large amounts of MII-P•Arr1 will accumulate with the photoreceptor. My 
model accounts for the observations that dephosphorylation of P-opsin is slow in vivo, 
and that high levels of P-rhodopsin are formed upon reconstitution of P-opsin with 11-cis 
retinal (Lee et al., 2010). Regenerated P-rhodopsin can either be dephosphorylated to the 
ground-state, or reactivated by light. The model shows that photo-activated P-rhodopsin 
has diminished ability to activate transducin (one bold vertical arrow). This has important 
implications for rod function during dark adaptation and perhaps light adaptation as well. 
 There is an extensive body of literature that collectively describes the response 
activation, kinetics, and reproducibility when single unphosphorylated rhodopsin 
molecules are photoactivated. Several of these studies provide documentation with regard 
to how individual phosphorylation sites affect the deactivation of rhodopsin (Mendez et 
al., 2000a; Makino et al., 2003; Doan et al., 2006). However, these studies were designed 
to measure single photon responses from rhodopsin that was genetically modified in 
order to reduce the number of phosphorylation sites on opsin. To my knowledge, my 
work is the first study that characterizes the amplitude and kinetics of quantal responses 
arising from the photo-activation of regenerated P-rhodopsin. These measurements were 
performed in rods that were dark-adapted following pigment regeneration with 11-cis 
retinal. My results indicate that phototransduction gain decreases as the concentration of 
P-rhodopsin increases within the rods (Figure 3.15 and Table 3.3). An extrapolation of 
the data indicates that the phototransduction gain would be reduced to 50% in rods that 
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exclusively contain P-rhodopsin (data not shown), as do my calculations of response 
activation constants from P-rhodopsin (Table 3.3). These observations are consistent with 
SQRs measured from rods in which rhodopsin deactivation has been genetically 
compromised. For example, in Arr1-/- rods, rhodopsin deactivation is incomplete, and the 
SQRs have recovery phases that stall (and plateau for several seconds) when half of the 
photocurrent has recovered (Xu et al., 1997; Fu and Yau, 2007). Those observations 
suggest that phosphorylation of rhodopsin results in about a 2-fold reduction in its ability 
to activate transducin. My results are also consistent with several biochemical studies 
which show that phosphorylated rhodopsin has a diminished ability to activate transducin 
(Miller et al., 1986; Wilden et al., 1986; Bennett and Sitaramayya, 1988; Wilden, 1995). 
However, in these biochemical studies, the samples contained both phosphorylated 
rhodopsin and a small fraction of unphosphorylated rhodopsin. The photo-activation of 
this small portion of unphosphorylated rhodopsin alone could be enough to saturate the 
measurements of transducin activation, which would be considered an artifact in these 
reports. Additionally, these studies measured cGMP, which allowed the authors to guess 
at how much transducin was active in each experiment. This analysis could be tentative 
since transducin activation and PDE activation are two steps in the amplification of the 
phototransduction cascade. My IEF results show that phosphorylated rhodopsin is a 
heterogeneous distribution of phosphorylation states, from 1P to 6P (Table 3.1). Under 
these conditions, I was able to generated SQRs for phosphorylated rhodopsin, which 
reflect the actual biological processes that occur in living rods. 
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 A 50% reduction in sensitivity due to P-rhodopsin may seem to be relatively 
minor when compared to the overall loss in sensitivity produced by bleaching; however, a 
more significant consequence is expected during the final phases of dark adaption toward 
absolute visual threshold. The detection of SQRs by rod bipolar cells requires the passage 
of responses through a nonlinear threshold based on their size (Field and Rieke, 2002). 
For SQRs to be faithfully transmitted to the bipolar cells, their size must be sufficiently 
large to decrease glutamate concentrations at the rod-to-rod bipolar synapses (Sampath 
and Rieke, 2004). Under fully dark-adapted conditions, synaptic saturation renders the 
rod bipolar current insensitive to small changes in transmitter release from the rod. This 
threshold nonlinearity in signal transfer therefore is likely to filter out SQRs generated 
from P-Rhodopsin activation, and reduce the sensitivity at the visual threshold during 
dark adaptation. 
 Finally, sensitivity adjustments are also a hallmark of light adaptation, where 
phototransduction gain is modulated to allow the rods to continue to respond when 
ambient illumination is increased (Pugh and Lamb, 2000; Fain et al., 2001; Calvert and 
Makino, 2002; Fain, 2011). My results suggest that P-rhodopsin, which is produced in 
significant amounts under steady bright light illumination (Lee et al., 2010), reduces 
overall gain from photolyzed P-rhodopsin and serves as a form of light adaptation. 
 
Does Arr1 Activation or Arr1 Binding Rate Limit Rhodopsin Deactivation? 
The deactivation of phototransduction during a single photon response requires a 
coordinated series of reactions. These processes include: (1) GRK1 binding to MII, (2) 
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GRK1 catalyzed phosphate attachment to MII (to form MII-P), (3) MII-P activation of 
arrestin-1, and (4) arrestin-1 termination of MII-P activity. These steps regulate the 
lifetime of rhodopsin (Figure 4.2A), and therefore shape the kinetics and variability of the 
single photon responses (Miller et al., 1986; Doan et al., 2006; Gurevich et al., 2011). 
There are, however, two additional layers of complexity. Arrestin-1 exists in a basal state 
and must transition into a binding-competent conformation by encounters with MII-P 
(Gurevich et al., 2011). As a result arrestin-1 activation will be competitively inhibited by 
GRK1 binding to rhodopsin. It is possible that while GRK1 sequentially adds phosphates 
onto MII, the interaction between MII-P and arrestin-1 may become favored over GRK1. 
By comparing SQRs generated by rhodopsin and P-rhodopsin, I had the unique 
opportunity to investigate two proposed mechanisms for rhodopsin deactivation. These 
two possibilities are illustrated in Figure 4.3. The first proposed mechanism illustrates a 
GRK1 catalyzed MII phosphorylation rate limited rhodopsin deactivation model. The 
alternative model shows arrestin-1 activation and binding to MII-P, as rate-limiting MII 
deactivation. If rhodopsin phosphorylation rate limits rhodopsin deactivation, then SQRs 
generated by P-rhodopsin should deactivate faster when compared to SQRs generated by 
activating non-phosphorylated rhodopsin. The latter process would be slower since 
deactivation requires additional time for phosphate attachment by GRK1. On the other 
hand, if arrestin-1 activation is rate limiting, then the SQRs generated from P-rhodopsin 
will have an identical time course for activation and deactivation to those SQRs observed 
from unphosphorylated rhodopsin. I observed that SQRs generated from 
unphosphorylated rhodopsin and P-rhodopsin display indistinguishable time-to-peak and 
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time constant of deactivation. This similarity of response kinetics suggests that prior to 
arrestin activation, arrestin-1’s affinity for MII is insensitive to phosphate attachment (ie 
MII-P). The affect of this insensitivity is that arrestin-1 activation is the rate-limiting step 
in the deactivation of the visual pigment. 
A recent study of arrestin-1 interaction with different functional forms of 
rhodopsin using solution NMR spectroscopy shows that the affinity of arrestin-1 for P-
rhodopsin was sufficiently high that active monomeric arrestin-1 in the outer segment is 
predicted to bind P-rhodopsin in the intact rod (Zhuang et al., 2013). However, my 
observation that P-rhodopsin SQR kinetics are virtually identical to those of ground-state 
SQRs indicates that arrestin-1 is not pre-bound to P-rhodopsin in a manner that prevents 
its signaling. 
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Figure 4.2: Illustration on how rhodopsin phosphorylation regulates the 
phototransduction cascade. A: Light activates rhodopsin (Rh*), which in turn activates 
the G-protein transducin (G*). This leads to the activation of phosphodiesterase (PDE*) 
and a local decrease in [cGMP] (cG). This schematic also highlights the importance that 
the deactivation/decay (τ) of each step in the phototransduction cascade. In this regard, 
rhodopsin is deactivated by phosphorylation and arrestin-1 binding. While G* and PDE* 
deactivation (τ3 and τ4) each have their own slow intrinsic rate of deactivation, these two 
process are normally entangled with each other, which increases the deactivation of both 
process. Overall, there is temporal overlap among all of these deactivation steps. B: 
Illustration demonstrating the effect that rhodopsin phosphorylation has on the overall 
strength of the phototransduction cascade. This ordinate represents the external excitatory 
strength (ie, photocurrent, or photovoltage) and does not show the amplification of 
secondary messengers. Phosphorylation is shown here reducing activated rhodopsin’s 
ability to activate transducin. Additional phosphate attachment further lowers G* 
amplification. Activated arrestin (Arr1*) binding to P-rhodopsin terminates 
phototransduction, and the response recovery is dictated by decay (τ) of each process, as 
shown in panel A. Panel A was adapted with permission from King-Wai Yau (Yau, 
1994). 
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Figure 4.3: Models regulating the lifetime of activated rhodopsin. A: Based on 
previous studies, there are two likely, but incompatible hypotheses for rhodopsin 
deactivation. In the first model, I, rhodopsin phosphorylation by GRK1 is slow, and 
therefore rhodopsin deactivation is limited by the rate of rhodopsin phosphorylation. In 
the second model, II, arrestin-1 activation is slow and rate limits rhodopsin deactivation. 
B:  SQR measured from P-rhodopsin can resolve which model is correct. The activated 
pigment is already phosphorylated, and only requires arrestin 1 binding to deactivate. If 
the rate of arrestin-1 activation and binding is fast, then SQRs generated from P-
rhodopsin would be faster than SQR from those generated from non-phosphorylated 
rhodopsin. However, if arrestin-1 activation and binding is slow, than the lifetime of 
activated rhodopsin would be invariant. 
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Phosphorylated Rhodopsin, the Visual Cycle, and Light Adaptation 
The visual cycle is defined as the ensemble of biochemical reactions that reside in 
the neural retina and the RPE whereby visual pigment, once bleached, is returned to its 
fully functional ground state containing 11-cis retinal. As rhodopsin cannot be defined as 
being in its ground state until it has been fully dephosphorylated, I argue that the 
dephosphorylation of rhodopsin is a critical step in the visual cycle. 
Vertebrate rods have the ability to undergo huge changes in their sensitivity in 
response to differences in background and bleaching light intensity. This endows them 
with the ability to respond over a range of 3 - 4 orders of magnitude of light intensities. 
The cellular mechanisms identified within rods which are responsible for these changes 
include: (1) the transduction driven decrease of cytosolic calcium concentration that, in 
turn, modulates the activities of cGMP phosphodiesterase, guanylate cyclase, and 
recoverin within rod outer segments, (2) the prolonged lifetime of photoproducts of 
rhodopsin bleaching that result in persistent activation of the transduction cascade, (3) 
bleaching of rhodopsin that by virtue of its decreased concentration within the outer 
segment reduces quantum catch, and (4) the translocation of transducin from the outer to 
the inner segment of rods leading to decreased transducin activation by R*. My results 
show that high levels of P-rhodopsin can persist within rod outer segments for many 
minutes after bright light exposure, and that P-rhodopsin photoactivation activates 
transducin with diminished efficiency. These results suggest that this mechanism of 
adaptation be added to the above list. Except at the highest levels of rhodopsin 
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phosphorylation, this sensitivity reduction is modest, but it is predicted to have its most 
significant effects near visual threshold. 
 
Why is Rhodopsin Dephosphorylation Blunted in Isolated Mammalian Retina? 
My observation that isolation of the retina from the mouse eye results in 
substantial inhibition of rhodopsin dephosphorylation is novel and surprising.  
Importantly, biochemical and electrophysiological measurements of isolated retina and 
solitary photoreceptor cells under the same conditions I describe here have been routine 
for over forty years. Thus, my documentation emphasizes that isolation of the retina from 
the intact animal may have important implications for these studies. Furthermore, I 
demonstrate that low oxygen tension in the superfusion medium and the presence of 
lactate both promote dephosphorylation. These latter results clearly suggest the 
involvement of metabolic mechanisms in the regulation of rhodopsin dephosphorylation, 
but provide no insights into specific mechanisms. Studies of the metabolic dependence of 
rhodopsin dephosphorylation in rods is an important topic for further investigation. 
 
The Relevance of Regenerated Phosphorylated Rhodopsin 
 One of the areas not directly addressed in this study was the biological relevance 
of my findings. This is important because an earlier study on frog retina suggested that 
only a negligible fraction of regenerated rhodopsin is phosphorylated in vivo (Binder et 
al., 1996). My data provides evidence that in mouse rods, regenerated phosphorylated 
rhodopsin exists in significant quantities and that it would actually constitute as a relevant 
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form of light adaptation. Evidence from Lee et al. (2010), is consistent with my 
observation, and these authors have shown that during light (and dark-adaptation), a 
significant portion of rhodopsin in in vivo mouse retinae is regenerated in the 
phosphorylated state. Specifically, Lee et al. (2010) showed that following 90 minutes of 
bright-light light adaption, approximately 45% of the total opsin was rhodopsin (either 
un-bleached or regenerated), and the 55% of the remaining was in a bleached form.  At 
the same time, they showed that 80% of the total opsin was phosphorylated. Minimally, 
this requires that 25% of rhodopsin exists in a phosphorylated state. These observation 
establish the relevance of my observations within in vivo light and dark adaptation. 
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variety of X-ray spectroscopy techniques to perform measurements. X-rays have a 
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Spectroscopy: I am proficient in spectrophotometry, microspectrophotometry, grazing 
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